IntechOpen

Elastography

Current Insights and Applications

Edited by Mahesh Goenka,
Akash Roy and Usha Goenka







Elastography - Current

Insights and Applications

Edited by Mahesh Goenka,
Akash Roy and Usha Goenka

Published in London, United Kingdom




Elastography - Current Insights and Applications
http: /dx.doi.org/10.5772/intechopen. 1000403
Edited by Mahesh Goenka, Akash Roy and Usha Goenka

Contributors
Akash Roy, Anant Gupta, Brian Di Giacinto, Evren Ustiner, Hector Fabio Restrepo-Guerrero, Kemal
Altinbag, Mahesh Goenka, Metin Yavuz, Sandeep Nijhawan, Usha Goenka, Yonggang Lu

© The Editor(s) and the Author(s) 2025

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988. Allrights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen. com).

Violations are liable to prosecution under the governing Copyright Law.
(@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 4.0 License which permits commercial use, distribution and reproduction of the
individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. Insuch cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www.intechopen.com/ copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2025 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

For EU product safety concerns: INTECHd.o.0., Prolaz Marije Krucifikse Kozuli¢ 3, 51000 Rijeka,
Croatia, info@intechopen.com or visit our website at intechopen.com.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Elastography - Current Insights and Applications
Edited by Mahesh Goenka, Akash Roy and Usha Goenka
p.cm.

Print ISBN 978-1-83634-230-4

Online ISBN 978-1-83634-229-8

eBook (PDF) ISBN 978-1-83634-231-1

If disposing of this product, please recycle the paper responsibly.



IntechOpen

intechopen.com

Built by scientists, for scientists

Explore all IntechOpen books







Meet the editors

Dr. Mahesh Kumar Goenka is a senior gastroenterologist with a
special interest in the field of endoscopy. He has performed over
100,000 endoscopic procedures, with expertise in advanced
therapeutic endoscopy, including endoscopic retrograde chol-
angiopancreatography (ERCP), SpyGlass cholangioscopy, and
laser lithotripsy. He is currently the Director of the Institute of
Gastrosciences and Liver Transplantation, Apollo Multispecial-
ity Hospitals, Kolkata, India. He is also a national convener for the National Board of
Examinations for Medical Gastroenterology. He has over 175 publications in vari-
ous books and national and international medical journals. He was the president of
the Indian Society of Gastroenterology (2020-2021) and governor (Indian region)
of the American College of Gastroenterology (ACG). He also served as secretary
general and president of the Society of Gastrointestinal Endoscopy of India (2016-
2017), for which he successfully organized the international conference, ‘Asian
Pacific Digestive Week 2019’ He is an honorary professor at the Medical School

of Wisconsin, USA. Dr. Goenka has received multiple national and international
awards, including the prestigious International Leadership Award (2020) from the
American College of Gastroenterology for his contributions to gastroenterology in
the international arena.

Dr. Akash Roy is a consultant hepatologist, liver transplant
physician, and adjunct associate professor at Apollo Hospitals,
Kolkata. He received the Professor Mindie H. Nguyen Award for
- Outstanding Clinical Research by an Early Career Investigator
il for his research on faecal microbiota transplantation in cirrhosis
\g from the American Association for the Study of Liver Diseases
(AASLD), 2002-2021. He also received the Cheung Family
Memorial Travel Award for an oral presentation on original research by the AASLD
Foundation in 2020. He was awarded the Best Oral Presentation at the Singapore
Hepatology Conference in 2021 for his work on autoimmune hepatitis-related acute
and chronic liver failure. He is the current editor of Clinical Rounds in Hepatology,
Springer 1st Edition 2022, an Executive Editor for the Journal of Clinical and Exper-
imental Hepatology and an Assistant Editor for the Journal of Digestive Endoscopy and
Indian Journal of Gastroenterology. He is also a peer-reviewer for multiple inter-
national journals in hepatology. He has authored 102 research articles in national
and international, peer-reviewed, indexed journals, and 27 chapters. He hasalso
presented over 25 abstracts at national and international scientific meetings.

Dr. Usha Goenka is a senior interventional radiologist who spe-
cializes in vascular and nonvascular interventional radiology at
the Department of Clinical Imaging and Interventional Radiol-
ogy at Apollo Multispeciality Hospital, Kolkata, India. She has
been a merit holder and university topper through her MBBS
graduation. She completed an MD in Radiology from the presti-
gious Postgraduate Institute of Medical Education and Research
(PGIMER), India. She has more than forty-five publications in various national and




international journals. She has a keen interest in teaching and has delivered more than
fifty lectures at national and international conferences. Dr. Goenka is also a member of
the American College of Gastroenterology.



Contents

Preface

Chapter1
Introductory Chapter: Elastography in Gastrointestinal and Liver Disease
by Akash Roy, Usha Goenka and Mahesh Goenka

Chapter2
Physical Principles and Imaging Techniques of Ultrasound Elastography
by Yonggang Lu and Brian Di Giacinto

Chapter 3
Ultrasound Elastographic Features of Focal Liver Lesions: A Review
by Evren Ustiiner, Kemal Altinbags and Metin Yavuz

Chapter 4
Practical Applications of EUS Elastography: Evidence and Challenges
by Anant Gupta and Sandeep Nijhawan

Chapter5
Bioethical Implications of Elastrography
by Hector Fabio Restrepo-Guerrero

XI

33

65

77






Preface

Elastography — Curvent Insights and Applications explores the guiding principles and
recent developments in the field of elastography, with a focus on abdominal diseases.
Elastography has seen rapid growth as a tool for evaluating multiple disease processes.
The most widespread application of elastography has been in liver disease, specifically
as a non-invasive tool for assessing fibrosis. However, it also finds an evolving applica-
tion across many other disease entities. This book provides an overview of applications
in gastrointestinal and liver disease. We explore certain bioethical principles of elas-
tography and its application. Understanding the physical principles and techniques is
crucial before embarking on elastography, as detailed in a comprehensive overview of
methods. While diffuse liver disease has been well described in the literature, we look
at the evolving role of elastography in focal liver lesions and assess its impact on prog-
nostication and management. While ultrasound elastography has evolved, endoscopic
ultrasound-guided elastography is also gaining acceptance, and we understand the
growing applications of endoscopic ultrasound elastography, especially in pancreatic
disorders. We hope this book provides readers with new vistas for understanding the
core concepts of elastography and its growing avenues of application.

Mahesh Goenka and Akash Roy

Institute of Gastrosciences and Liver Transplantation,
Apollo Multispecialty Hospitals,

Kolkata, India

Usha Goenka

Department of Radiology and Imaging,
Apollo Multispecialty Hospitals,
Kolkata, India






Chapter1

Introductory Chapter: Elastography
in Gastrointestinal and Liver
Disease

Akash Roy, Usha Goenka and Mahesh Goenka

1. Introduction

The gastrointestinal system encompasses various organs, including the stom-
ach, the entire intestine, the liver, the gall bladder, the bile duct, and the pancreas.
Over the past few decades, elastography has become an essential tool for assessing
these organs [1]. Elastography, as a principle, is a technique to evaluate the elastic-
ity of any tissue in response to a mechanical force [2]. It fundamentally utilizes the
concept that any mechanical force will cause a change or perturbation of a tissue, and
that change can be analyzed to understand the inherent biomechanical properties of
the tissue [2, 3]. Many different modalities exist to measure elastography, including
strain elastography, shear wave elastography, and magnetic resonance elastography
[2, 3]. Overall, most of the modalities aim to calculate the speed of a particular shear
wave. The calculated speed is then converted to conventional Young’s modulus to
ascertain tissue stiffness. One of the principal advantages of elastography lies in its
non-invasive nature and ease of performance [4].

2. The expanding field of elastography in liver diseases

The widest application of elastography in gastrointestinal diseases has been in
hepatology. Assessing liver fibrosis using invasive liver biopsy has long been the gold
standard [5]. However, liver biopsy has inherent risks of complications like bleeding,
and hence, non-invasive techniques have become popular as means for fibrosis assess-
ment [5]. Transient elastography has become a globally available and standardized
tool for non-invasive fibrosis assessment [6]. Besides fibrosis assessment, the use of
elastography has expanded further in other fields of hepatology. The degree of liver
stiffness measurement has been used to predict clinically significant portal hyperten-
sion, presence of varices, prediction for decompensating events, and as measures of
response to therapy [6]. Furthermore, dynamic changes in elastography are becoming
increasingly popular as a prognostic tool to predict progression and regression of
disease [7]. Very recently, severity stratification using liver stiffness measurements
of liver disease has been suggested using the “rule of five” [8]. Additionally, metrics
of change of liver stiffness measurement, which reflect actual changes of significance,
have also been proposed [8].
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While transient elastography has been widely established and is more accessible,
other modalities of liver elastography have also been explored. Ultrasound-based
measures using point shear wave elastography, acoustic radiation forced impulse,
and 2D shear wave elastography provide readily reportable tools for radiologists
performing conventional ultrasounds [9]. Recent efforts have been made to validate
and standardize various ultrasound-based techniques, and specific guidelines have
been laid down for the same [10]. A more advanced and extremely accurate technique
utilizes the use of magnetic resonance elastography to ascertain tissue stiffness [11]. It
has been found to reflect closely on biopsy measures of fibrosis and is especially ben-
eficial in obese patients, where transient elastography and ultrasound elastography
may have technical difficulties and challenges. Like transient elastography, magnetic
resonance elastography has also been used to predict varices and decompensation in
individuals with cirrhosis [11, 12]. While all elastography techniques have become
popular and widely available, it is also important to understand the limitations of
elastography [13]. Transient elastography is limited in the presence of severe obesity.
It is not reliable in the presence of ascites or acute hepatitis with aminotransferase
levels of more than five times the upper limit of normal [14]. Also, interpretation
needs to be done with caution in patients with the features of congestive heart failure
and chronic kidney disease on dialysis. MR elastography, on the other hand, is limited
in the presence of severe iron deposition and ascites and is challenging in those with
claustrophobia [14]. Hence, for any elastographic technique, the clinicians’ decision-
making and interpretation are of key importance.

Besides fibrosis assessment, a few other emerging fields are ascertaining elasto-
graphic features in space-occupying lesions to differentiate benign and malignant
lesions and identifying unique elastographic signatures of malignant space-occupying
lesions [15]. Estimating muscle stiffness with elastography in patients with cirrhosis
is also an emerging field [16]. Hence, elastographic techniques in liver disease have
already established themselves as essential tools and are an expanding field.

3. Evolution of pancreatic elastography

Pancreatic elastography allows the assessment of pancreatic tissue stiffness by vir-
tual palpation. It is mainly done using two main types of techniques: pancreatic strain
elastography, applied by endoscopic ultrasound, which has been used to characterize
small solid pancreatic lesions, and shear wave elastography, which has a more limited
but evolving role in larger solid pancreatic lesions [17]. The use of elastography in pan-
creatic diseases has also been found to be applicable in the characterization of chronic
pancreatitis, autoimmune pancreatitis, and disorders like pancreatic tuberculosis [18].
It has also been seen that in cases of acute pancreatitis, necrotic tissues appear less
stiff than the surrounding parenchyma [18]. The characterization of solid pancreatic
lesions is based upon whether the lesion is more or less stiff compared to the surround-
ing parenchyma. These principles have been used in characterizing pancreatic ductal
adenocarcinoma, pancreatic neuroendocrine tumors, and mass-forming pancreatitis
[17, 18]. Recent efforts have also been made to improve the reproducibility, accuracy,
and clinical utility of elastography in pancreatic imaging, which have moved toward
developing quantitative scoring systems for elastography to delineate better the relative
differences in the elasticity of solid pancreatic masses [19]. The field of pancreatic elas-
tography continues to emerge as an extremely useful tool in the hands of gastroenterolo-
gists dealing with complex pancreatic solid lesions as well as parenchymal pathologies.
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4. Evolving applications in intestinal pathologies

Another evolving field is the use of ultrasound in ascertaining intestinal patholo-
gies. In this context, ultrasound-based elastography has been shown to be an innova-
tive, non-invasive, readily available, ancillary technique in the evaluation of intestinal
fibrosis as a monitorable biomarker, in terms of stiffness [20]. Preliminary data from
patients with Crohn’s disease and ulcerative colitis indicate intestinal ultrasound
and tissue stiffness as a potential surrogate indicator of histological fibrosis [20].
However, the field is in its incipient stages, and literature continues to evolve.

Overall, elastographic techniques have evolved to be an excellent tool in the hands
of radiologists, hepatologists, and gastroenterologists in multiple gastrointestinal
diseases and remain an exciting area for future research.
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Chapter?2

Physical Principles and Imaging
Techniques of Ultrasound
Elastography

Yonggang Lu and Brian Di Giacinto

Abstract

In this chapter, the physical principles of ultrasound elastography are introduced,
followed by a description of two fundamental ultrasound-based elastography imaging
techniques: strain elastography and shear wave elastography. For these two tech-
niques, their basic mechanisms, implementation strategies, advantages, and limita-
tions are compared. Image quality and artifacts along with improvement methods in
elastographies are also examined, followed by emphasizing the bioeffects and safety
of each elastography technique. Finally, issues related to quality assurance in elastog-
raphy, such as machine calibration, system performance testing, the use of phantoms,
standardization of acquisition protocols, inter-operator, and intra-operator variabil-
ity, as well as regulatory standards and guidelines, are discussed.

Keywords: ultrasound elastography, physical principles, imaging techniques, image
quality and artifact, bioeffect and safety, quality assurance

1. Introduction

Ultrasound Elastography (USE) is a cutting-edge imaging technology that has
revolutionized the ability to non-invasively assess mechanical properties of human
tissues, particularly their stiffness [1, 2]. This method offers clinicians unique real-
time insight into patient health and active surveillance of chronic disease by capital-
izing on the changes in tissue stiffness that accompany pathologic processes, such as
fibrosis, inflammation, and cellular depletion or proliferation induced by musculo-
skeletal disorders, neoplasia, and chronic liver disease [3-6]. The principle behind
USE is straightforward: soft tissues, like normal liver tissue, deform more readily
when subjected to mechanical forces, whereas stiffer tissues, such as those affected by
tumors or fibrosis, are more resistant to deformation. Modern elastography tech-
niques provide methods and tools to evaluate and quantify tissue stiffness [7, 8].

This chapter will delve into the physical principles of ultrasound elastography and
explore various elastography techniques including their advantages and limitations,
relevant artifacts, bioeffects, safety considerations, and elastography specific quality
assurance measures to lay a foundation for understanding and utilizing this powerful
diagnostic modality.
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2. Physical principles of ultrasound elastography
2.1 Tissue mechanics

Understanding the mechanical properties of tissues and how they influence an
organs response to both internal and external forces is fundamental to ultrasound
elastography. The key parameters that describe how tissues deform include stress,
strain, elasticity, and viscoelasticity. Ultrasound elastography leverages these param-
eters to measure and present visual maps of tissue stiffness [7, 9].

2.1.1 Stress and strain

Stress (o ) is defined as the force ( F ) applied per unit area ( A ) of tissue
(o=F/A), typically expressed in Pascals (Pa= N /m” ). Strain ( ¢ ) refers to the
deformation or displacement that occurs as a result of applied stress [7]. It is a dimen-
sionless quantity that measures the relative change in shape or size of interrogated
tissue (1), i.e.,

e=Alll 1)

In elastography, tissue strain is measured or estimated after applying a force,
either external compression or through the generation of internal shear waves [1, 9].
Relatively soft tissues, such as normal muscle, fat, or liver, generally exhibit greater
strain under a given stress compared to stiffer tissues, such as a cirrhotic liver or a
fibrous hypercellular neoplasm [3].

2.1.2 Elasticity and modulus

Elasticity is the ability of a material or substance to return to its original shape
after deformation with the assumption of non-compressibility. USE relies heavily on
the concept of tissue elasticity. Different tissues exhibit different elastic properties.
The elastic behavior of tissues can be described quantitatively using elastic modulus
(T), which is a measure of stiffness. It represents the ratio of stress to strain (Pa), i.e.,

I'=o/e¢ 2)

The velocity (c) of elastic waves in tissue is related to its density (p) and elastic
modulus (Eq. (3)). Most forms of elastography leverage this relationship to calculate
tissue stiffness under the assumption that the tissue being measured is homogenously
dense, isotropic, and purely elastic. Specifically, the velocity of an ultrasound wave
through tissue is measured and the modulus is subsequently calculated by assuming

tissue density is equal to water:
r
I=pc® >c= \/: 3)
el

There are various elastic moduli. Young’s modulus (E) is one of the moduli which
denotes the tissue change under compressive or tensile stress, defined to be the ratio
of compressive/tensile stress (c,) to compressive/tensile strain (e,):
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Shear modulus (G) is another modulus which describes how tissues change under
shear stress. It is defined as the ratio of shear stress (o) to shear strain (e,).

G=o,/¢, (5)

While Young’s modulus describes how a material responds to compressive or ten-
sile stress, the shear modulus describes how a tissue resists shear forces, where layers
of the tissue are displaced relative to each other (Figure1).

Young’s modulus in tissue is related to shear modulus through Poisson’s ratio (v):

E=2G(1+v) 6)

Poisson’s ratio equals 0.5 for soft biological tissues that are assumed to be noncom-
pressible and isotropic (Figure 2) [2]. Therefore, the relationship between Young’s
modulus and shear modulus is given by:

E=2G(1+v)=3G @)

Thus, Young’s modulus is equal to about three times shear modulus for most
human tissues [1].

2.1.3 Nonlinear elasticity

Biological tissues often exhibit nonlinear elasticity, meaning their mechanical
response to stress is not proportional to the applied force. In other words, as tissues
are subjected to increasing levels of stress, their stiffness may change (Figure 3). This
is particularly important in elastography because tissues may behave differently under
low versus high levels of compression or shear forces.

Stress (o) Strain (g) Moduli

B

Young's a o
Modulus " - @ }I e

gy =t &= %
At
Shear a,
F, 1 _%
Modulus ﬁ ‘ @ ¢ &
] At

a 7 5=7

Figure 1.
Young’s modulus (E) and shear modulus (G).
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Figure 2.
2D shear wave elastography of the inferior abdominus vectus muscle with gray scale and color elastogram on a

GE LOGIQ 10 system with a L2-9 transducer. Shear waves traveling perpendicular to the muscle fibers (left) are
slower than shear waves traveling parallel to the muscle fibers (vight).

foun
©
-
w
7]
i}
T
o
w2

Viscoelastic
Curve

Strain (¢)

Figure 3.
Stress-strain curve comparing the linear and non-linear portions of a strictly elastic substance (blue) with a
viscoelastic substance (black). Note the difference in between deformation and relaxation curves of a viscoelastic

substance due to dissipation of heat (red double arrows).

For example, normal tissues may exhibit low stiffness at low stress levels but become
stiffer as the applied stress increases. Conversely, pathological tissues like tumors may
start out stiff and show little change in stiffness even under high stress. Nonlinear
elasticity is a key consideration in techniques such as strain elastography, where tissue
response to compression can vary depending on the amount of force applied [10].

2.1.4 Viscoelasticity

Biological tissues exhibit viscoelastic properties, meaning they combine both elas-
tic (solid-like) and viscous (fluid-like) behaviors. In purely elastic materials, deforma-
tion is instantaneous and fully reversible when stress is applied or removed. However,
in viscoelastic tissues, the response to stress is time-dependent, meaning deformation
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occurs over time and some energy is dissipated as heat during deformation (Figure 3).
In practice, tissues like liver, kidney, muscle, and breast are viscoelastic.

Viscoelastic properties are crucial in elastography. Especially in dynamic elas-
tography techniques like shear wave elastography, where the tissue’s response to
time-varying stresses is evaluated. In pathological tissues like tumors or fibrotic areas,
the viscoelastic properties are altered with time varying stress which corresponds to
higher stiffness. Ultrasound elastography typically assumes elastic properties, which
may lead to inaccuracies in viscoelastic tissues [9, 10].

2.1.5 Anisotropy

Anisotropy refers to the directional dependence of mechanical properties, such as
resistance to flow or response to compressive, tensile, or shearing forces. USE assumes
that the sampled tissue responds to stress isotropically, meaning that tissue strain would
be identical regardless of the orientation of the applied stress. In practice, however,
some tissues will deform differently depending on the orientation of applied stress.
Muscles and ligaments are highly anisotropic as they are comprised of long bundled
cylindrical fascicles running the entire length from origin to insertion [11]. They are
highly resistant to tensile and compressive stresses applied parallel to the fibers but
deform readily to stresses applied perpendicular to the fibers. Kidneys are also highly
anisotropic due to the radial orientation of the tubules, collecting ducts, and vasa recta
from the renal sinus. When the ultrasound beam is oriented perpendicular to the cap-
sule and along the tubules the shear waves generated from the beam will travel perpen-
dicularly through the radially oriented tubules. The numerous interfaces slow the shear
waves, artificially reducing the measured stiffness of the renal parenchyma [12, 13].

In elastography, anisotropy can complicate stiffness measurements because tissue
strain and shear wave propagation speed may vary depending on the orientation of
the tissue. Advanced elastography techniques are being developed to account for
anisotropy by measuring tissue stiffness in multiple directions (2D or 3D), providing
a more comprehensive picture of tissue mechanics [11, 14].

2.2 Shear wave
2.2.1 Shear wave generation and propagation

Shear waves are transverse waves where particle motion is perpendicular to the
direction of wave propagation. Conversely, in longitudinal waves, particle motion
is parallel to the direction of wave propagation, as shown in Figure 4. There are two
common approaches to generate shear waves in tissues:

a. Acoustic radiation force impulse (ARFI): A short, high-intensity focused ultra-
sound pulse which can induce localized displacements of tissue with longitudinal
waves to generate shear waves propagating from the focal point.

b.External mechanical vibration: This involves mechanically vibrating the target
tissue with low frequency sound waves, a vibrating plate, or a passive driver to
introduce shear waves in tissue.

Shear waves decay relatively quickly as they propagate through tissue because they
are rapidly attenuated, especially in soft tissues. The rate of attenuation is dependent
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Figure 4.
Propagation of longitudinal and shear waves.

on tissue’s viscoelastic properties. In complex, heterogeneous tissues (like liver, kidney,
or muscle), shear waves may exhibit scattering or refraction, which makes advanced
processing techniques necessary to reconstruct accurate stiffness maps [1, 10].

2.2.2 Shear wave detection and measurement

After the shear waves are generated, the ultrasound system uses cross-correlation
or phase-sensitive techniques to track tissue displacements caused by the shear waves.
High-frame-rate longitudinal ultrasound imaging (thousands of frames per second)
is employed to visualize the propagation of the shear wavefronts through tissue in
real-time. Shear wave speed is calculated by measuring the time it takes for the shear
wave to travel over a known distance.

Shear waves typically propagate through soft tissue at speeds between 1 and
10 m/s, much slower than the longitudinal waves (approximately 1540 m/s in soft
tissues) used to track them. The stiffer the tissue, the faster shear waves move [9].

3. Ultrasound elastography imaging techniques
Ultrasound elastography can be classified by differences in measured physical
quantity, excitation method, and method of displaying the measured quantity. In this

chapter, we classify elastography techniques into two fundamental categories: strain
elastography and shear wave elastography. Regardless of the manufacturer’s name or
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proprietary excitation method, all ultrasound elastography is ultimately derivative of
these two techniques. Implementation strategies, advantages, and limitations of both
techniques will be discussed.

3.1 Strain elastography
3.1.1 Basic mechanism

Strain elastography (SE) applies a compressive force (either manual compression,
physiological movements, or acoustic radiation force impulse) to deform the tissue.
The tissue displacement is tracked and calculated by comparing pre-compression
and post-compression ultrasound images. The tissue’s deformation (strain) is then
computed based on these displacements. An elastogram is presented as a color map of
relative strain magnitude layered over a B-mode image (Figure 5).

3.1.2 Implementation strategies

3.1.2.1 Technical workflow

1. Pre-compression image acquisition: A baseline ultrasound image is obtained
before applying any mechanical force.

2. Compression: Mechanical force is applied through either manual compression,
physiological movements, or acoustic radiation force impulse.

3. Post-compression image acquisition: A second ultrasound image is taken after

applying force.

LoGiQ %

Figure 5.

Strain elastography of the forearm with gray scale and color elastogram using manual compression on a GE
LOGIQ 10 system with a L2-9 transducer. B-mode image (left) shows the anterior compartments of the left
forearm, vadius, ulna, and interosseous membrane. Elastogram (vight) with a color scale (ved: hard, blue: soft)
exhibits the markedly increased stiffuness of the bones and interosseous membrane relative to the musculature of the
anterior compartment.
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4. Displacement measurement: Tissue displacement between the two images is
calculated using cross-correlation or phase-sensitive techniques.

5.Strain calculation: The relative deformation (strain) is computed and an elasto-
gram is generated.

6.Image interpretation: Clinicians interpret the elastogram to evaluate tissue
stiffness.

3.1.2.2 Key techniques

Force application methods: There are three main ways to apply mechanical force to
the tissue in strain elastography:

* Manual compression: The ultrasound operator applies cyclic compression and
decompression on the body surface with the ultrasound transducer. The degree
of deformation depends on how much pressure is applied, and this method is
operator dependent.

* Physiological motion: Natural body movements such as heartbeat or breathing
are used to induce strain. This is more common in certain applications, such as in
cardiac elastography.

* Acoustic radiation force impulse (ARFI): ARFI imaging does not rely on trans-
ducer compression and has the advantage of being able to focus the ‘push’ within
deep lying organs, where it can be difficult to generate deformation with com-
pression from the body surface.

With respect to manual compression of the body surface, it is possible to apply
pressure up to the normal diagnostic depth of superficial organs such as the breast
and thyroid gland; however, stress is not easily transmitted to deep organs such as the
liver, making it difficult to elicit strain. Therefore, strain induced by either cardio-
vascular pulsation or respiration is used for evaluation of liver fibrosis with strain
imaging.

Strain calculation: The ultrasound system searches for corresponding points
between frames of pre-compression and post-compression ultrasound images, using
ultrasound signals. The displacement of the tissue is tracked by analyzing the changes
in the ultrasound signals using a cross-correlation method or phase-sensitive tech-
niques. Once displacement is calculated, strain is derived by calculating the spatial
derivative of the displacement field.

Elastogram creation: A color-coded map of tissue stiffness known as a color elas-
togram is generated based on the magnitude of strain. It is common to superimpose a
translucent colored elastogram atop the B-mode image. At present, no standardized
color map exists. In most equipment, users can select the color scale as desired. The
color mapping is qualitative and gives a visual sense of tissue stiffness.

Noise reduction and image smoothing: Because small tissue displacements are often
used, noise reduction techniques such as temporal filtering, spatial smoothing, and
adaptive algorithms are applied to improve image quality and reduce artifacts.

Analysis: Strain elastography typically does not provide quantitative values for
stiffness but rather a relative comparison between tissues within the region of interest
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(ROI). Some systems can provide semi-quantitative measurements by comparing the
stiffness of an ROI to a reference tissue or by calculating the strain ratio between two
regions (e.g., lesion vs. surrounding normal tissue). Higher ratios suggest that the
lesion is stiffer relative to the surrounding tissue.

Variants of strain elastography: There are several approaches to strain elastography,
each with unique technical details:

* Static strain elastography: It involves applying manual compression to the tissue
and capturing images before and after the compression to assess strain. It is use-
ful for characterizing lesions in breast and thyroid tissues [15].

* Dynamic strain elastography: It applies continuous or periodic mechanical forces
to the tissue, allowing for real-time strain measurement. It is often used for
evaluating deeper structures like the liver [16].

* Real-time elastography: It provides immediate assessment of tissue stiffness dur-
ing the ultrasound exam, using a visual color-coded map to indicate strain. This
technique is commonly used in liver studies to assess fibrosis [17].

* Acoustic radiation force impulse imaging: Focused ultrasound beams create
localized shear waves, and the displacement is measured to assess tissue stiffness.
This technique is commonly used to evaluate stiffness of liver and kidney [18].

3.1.3 Limitations and considerations

* Operator dependency: One of the major limitations of strain elastography is
its reliance on operator skill, especially when manual compression is used.
Inconsistent compression often causes increased stiffness of the background
tissue and increases elastogram variability.

* Qualitative nature: Strain elastography normally does not provide quantitative
stiffness measurements, only a qualitative comparison of stiffness relative to
adjacent tissues.

* Tissue homogeneity assumptions: Strain elastography assumes tissue homogeneity,
which is often not the case in real biological tissues.

3.2 Shear wave elastography
3.2.1 Basic mechanism

In shear wave elastography (SWE), shear waves are generated within the tissue
using an ARFI or external mechanical vibrator. The longitudinal ultrasound beam
pushes on the tissue, causing localized displacement in targeted regions of interest
(ROIs). The tissue’s response to this displacement leads to the generation of shear
waves which propagate perpendicularly to the ultrasound beam. Shear wave speed is
then measured using cross-correlation or phase-sensitive techniques. Shear modulus
or Young’s modulus is then calculated based on the measured shear wave speed. Either
shear wave speed or one of the calculated elastic moduli are then presented as a color
map overlaid on B-mode image and quantified as numerical metrics (Figure 6).
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Figure 6.

A SWE elastogram of the liver on a GE LOGIQ 10 system which is based on the ARFI imaging technique (with
a C1-6 transducer). B-mode US image with overlaid quality map (left) and overlaid color map of simultaneous
shear wave measurements (vight).

3.2.2 Implementation strategies
3.2.2.1 Technical workflow

1. Preliminary ultrasound imaging: Standard ultrasound imaging is first performed
to localize the area of interest.

2.Shear wave generation: Acoustic radiation force or external mechanical force is

applied.

3. Shear wave detection: High-frame-rate ultrasound imaging tracks the shear wave
propagation.

4. Stiffness calculation: The shear wave speed is measured, and often shear or
Young’s modulus is calculated.

5.Elastogram display: A color-coded stiffness map (elastogram) is displayed,
showing tissue stiffness or shear wave speed in real-time.

3.2.2.2 Key techniques

Shear wave generation (for ARFI): Acoustic radiation force impulse is applied at a
single focal location or a multiple focal zone configuration in which each focal zone is
interrogated in rapid succession, leading to a cylindrically shaped shear wave extend-
ing over a larger depth, enabling real-time shear wave images to be formed.

Shear wave detection and tracking: SWE uses high-frame-rate ultrasound imaging
to capture the shear wave motion in real-time, often at frame rates of several thou-
sand frames per second. The key steps include:

1. Ultrasound pulse echoes: The system sends conventional ultrasound pulses to
create an image of tissue and detect the tissue’s displacement.
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2. Cross-correlation: Tissue displacement is calculated using a cross-correlation

method between the pre- and post-push ultrasound frames. This allows the
system to measure the time it takes for the shear wave to travel a known distance,
giving the shear wave velocity.

Advanced signal processing: SWE involves sophisticated signal processing, to handle

fast acquisition and processing of data, such as using temporal filtering, spatial
smoothing, noise reduction, and artifact reduction. Inversion algorithms are espe-
cially helpful to reconstruct the tissue’s stiffness properties based on the measured
wave propagation data, accounting for factors like attenuation and tissue heterogene-
ity to improve reconstruction accuracy.

Elastogram creation: SWE generates a quantitative color-coded elastogram map,

where each pixel corresponds to a stiffness value in shear wave velocity (m/s), shear
modulus, or Young’s modulus (kPa).

Variants of SWE: There are several approaches to shear wave elastography, each

with unique technical details:
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* Point SWE: This version of SWE measures the shear wave speed at a single

point, often used for assessing specific organs like liver. It gives a continuous
numerical stiffness value at a small ROI. The ROI size is a tradeoff between
precision and spatial resolution in shear wave speed estimation methods. The
use of larger propagation distances to compute the wave speed presumes a
larger homogeneous region and typically is associated with higher precision
and accuracy; however, this comes at the expense of spatial resolution. This
technique can provide real time and quantitative stiffness measurements of
very small structures by evaluating tissue stiffness only at a single focal point.
However, depth of penetration is limited with point SWE and more measure-
ments are usually required due to increased noise and measurement variability
[19]. This can be challenging for patients with cardiorespiratory disease or
large volume ascites as a prolonged breath-hold is often required to complete
elastogram acquisition.

2D SWE: This is the most common SWE technique in research and radiology
applications. It provides a 2D elastogram over a broader area, allowing for more
rapid and comprehensive tissue assessment. To generate two-dimensional
shear wave images, smaller propagation distances are utilized to obtain better
spatial resolution; however, decreasing the distance over which the shear wave
is monitored increases the variance of the estimate at each pixel. Resolution of
1-2 mm has been reported for shear wave imaging systems. 2D SWE offers a
significant advantage over point-based methods by providing a broader, faster,
more comprehensive assessment of tissue stiffness. Less samples are required to
achieve consistent measurements. However, 2D-SWE is still limited by depth of
penetration as the longitudinal waves used to generate and track shear waves are
rapidly attenuated at depth [20].

3D SWE: This technique allows for volumetric assessment of tissue stiffness.

3D SWE offers a more comprehensive and detailed assessment of tissue stiff-
ness, making it a valuable tool for detecting and characterizing complex or
heterogeneous conditions. 3D elastography is also less impacted by artifact from
anisotropic tissues. It is particularly useful in breast imaging, musculoskeletal
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assessment, and cancer detection. However, its cost, complexity, and longer
acquisition and processing times are notable drawbacks that limit widespread
adoption in most healthcare settings [14, 21].

4D SWE: The development of four-dimensional (real-time 3D) shear wave
elastography provides dynamic volumetric information about tissue stiffness
over time. 4D SWE has the potential to revolutionize how certain diseases are
diagnosed and monitored, particularly those involving dynamic tissues, such as
the heart, lungs, and muscles. However, given high cost and limited commercial
availability, 4D SWE is not yet widely implemented in routine clinical practice.
Its use is mainly confined to research settings or specialized centers. As research
progresses and technology matures, 4D SWE could become an essential tool in
specialized clinical applications [22].

Multifrequency SWE: This method offers the ability to assess tissue mechani-
cal properties more comprehensively by analyzing how different tissue types
respond to a spectrum of frequencies. Different frequencies allow for better
depth penetration and contrast or spatial resolution. Higher frequencies pro-
duce superior superficial tissues but are attenuated rapidly. Lower frequencies
penetrate deeper into tissues. Utilizing a broad spectrum of frequencies simul-
taneously allows more complete assessment of tissue properties with higher
spatial resolution at multiple depths, improving diagnostic accuracy. However,
its increased complexity, cost, and the need for more clinical validation limits its
widespread adoption in the short term [23].

Ultrasound transient elastography (UTE): Ultrasound based transient elastog-
raphy applies a series of external mechanical vibrations with low-frequency
(typically in the range of 50 Hz) mechanical pulses for short durations (tran-
sient) at the skin surface then measures the tissue displacement using M-mode
US. UTE is relatively operator independent. The automated nature of the test
reduces variability caused by operator error, ensuring consistent readings
between clinicians. However, unlike 2D shear wave elastography, UTE provides
a single, global stiffness value averaged over a very large ROI and no grayscale
imaging is produced to guarantee measurement of the desired tissue. This
reduces accuracy and limits application of UTE to large organs with predict-
able positions near the skin surface. Thus, UTE is primarily designed for liver
stiffness assessment and has limited application in other organs. It does not
provide comprehensive information for other tissues or conditions, greatly
limiting its versatility [24].

Supersonic shear imaging (SSI): A variation of SWE, SSI involves the genera-
tion of a Mach cone (a supersonic wavefront) by rapidly moving the ultrasound
focus. This allows for faster shear wave generation and greater tissue coverage

in real-time. SSI uses shear waves that can penetrate deeper into tissues, making
it suitable for imaging deeper organs and providing reliable stiffness measure-
ments even in deeper tissue layers. However, SSI systems are expensive compared
to other elastography techniques and less readily available compared to other
USE methods. The advanced hardware requirements, combined with the integra-
tion of real-time imaging and high-speed data acquisition, increases the overall
cost, limiting its availability to certain clinical settings [25].
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* Time harmonic elastography (THE): THE integrates multifrequency tissue
harmonic imaging with elastography to reduce artifact and improve contrast
resolution at depth. Limited research suggests that THE can assess deep tissues
with greater contrast resolution than other elastography methods while simulta-
neously generating grayscale imaging and whole organ elastograms. If confirmed
in larger trials this would make THE useful for evaluating small deep organs like
the adrenal glands, inconsistently positioned organs like the kidneys, and even
more superficial organ in patients with very high BMI, a patient population that
is currently very challenging to evaluate with USE. THE is currently limited to
specialized centers and research facilities due to the cost and specialized equip-
ment required at this stage of development [26].

3.2.3 Advantages and limitations
Advantages of Shear Wave Elastography:

* Quantitative measurement: Unlike strain elastography, which mostly provides
qualitative data, SWE provides quantitative values for tissue stiffness in or kPa.

* Non-operator dependent: Since SWE relies on automatic generation of shear
waves through acoustic radiation force, it is less dependent on the skill and expe-
rience of the operator compared to manual techniques like strain elastography.

* Real-time imaging: SWE can provide real-time feedback, which is helpful for
live monitoring of tissue stiffness during medical procedures or follow-up
examinations.

* Wide dynamic range: SWE has a wide range of stiffness measurements, making
it useful for various tissue types and pathologies.

Limitations of Shear Wave Elastography:

* Attenuation in deep tissues: Shear waves attenuate quickly, especially in soft and
deeper tissues. This limits the depth at which SWE can be applied effectively,
particularly in obese patients or in deep-seated organs.

* Tissue heterogeneity: Tissues that are non-homogeneous, such as those con-
taining fibrosis, fat, or calcifications, may cause wave scattering or refraction,
making the stiffness measurements less reliable in certain cases.

* Viscoelastic behavior: Biological tissues are often viscoelastic, meaning their
mechanical properties depend on the frequency of the applied force. SWE
typically assumes elastic properties, which may lead to inaccuracies in viscoelastic
tissues.

4.Image quality and artifacts of elastography

Image quality and the presence of artifacts in ultrasound elastography are criti-
cal factors that influence the diagnostic accuracy and reliability of tissue stiffness
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measurements. Several factors can affect the quality of elastographic images,
including the imaging technique used, patient-specific variables, and operator skill.
Artifacts are distortions or errors in the elastographic image that can obscure or
misrepresent tissue stiffness, potentially leading to misdiagnoses. Here, we’ll explore
key factors affecting image quality, common artifacts, and methods to mitigate these
issues in ultrasound elastography.

4.1 Factors affecting image quality in elastography

The quality of elastography images is influenced by various technical and physi-

ological factors:
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a.Imaging technique (Strain vs. Shear wave elastography)

* Strain elastography (SE): Image quality is heavily dependent on the opera-
tor’s ability to apply consistent compression or utilize natural motion (e.g.,
heartbeat). Uneven compression or excessive force can degrade image quality
and lead to artifacts. The quality of the elastogram may also vary with tissue
heterogeneity.

¢ Shear wave elastography (SWE): SWE tends to produce higher-quality images
with less operator dependency, as it relies on acoustic radiation force to gener-
ate shear waves. However, SWE is sensitive to the depth of the region of inter-
est (ROI), and its image quality decreases with increasing depth or excessive
tissue attenuation (e.g., in obese patients).

b.Signal-to-noise ratio (SNR)

* SNR is crucial for high-quality elastograms. High SNR ensures that tissue
displacements or shear wave propagation are accurately captured. Poor SNR
can result in incomplete or inaccurate stiffness measurements.

* SNR is affected by factors such as acoustic attenuation in deeper tissues, the
frequency of the ultrasound probe, and the presence of physiological noise
(e.g., patient motion).

c. Tissue heterogeneity

* In heterogeneous tissues (e.g., tissues with fibrosis, fat, or calcifications), the
elastic properties can vary greatly. This variability can affect both strain and
shear wave elastography, leading to inconsistent stiffness measurements and
degraded image quality.

d.Depth of the ROI

* Deeper tissues are harder to image with elastography due to increased attenu-
ation of both the ultrasound and shear waves. This can result in reduced image
quality and the potential for artifacts, particularly in abdominal imaging
(e.g., liver elastography in obese patients).
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* In SWE, the penetration depth depends on the frequency of the ultrasound
probe. Lower frequencies allow greater depth penetration but at the expense of
spatial resolution.

e. Transducer frequency

* Higher-frequency transducers provide better spatial resolution but have limited
penetration depth. For superficial structures like thyroid or breast, high-
frequency transducers are ideal. However, for deeper structures such as liver or
kidneys, lower-frequency transducers are used, which may reduce image quality.

f. Motion artifacts
* Patient movement, such as breathing or heartbeats, can degrade elastography
images, particularly in organs like the liver. Breath-hold techniques are often
employed to minimize motion artifacts during liver elastography.

4.2 Common artifacts and mitigation in ultrasound elastography

Artifacts in elastography can misrepresent tissue stiffness, either artificially
increasing or decreasing the measured values. The most common artifacts include:

a.Shadowing artifact

¢ Shadowing occurs when highly attenuating structures (e.g., bones, calcifica-
tions, or gas) block the ultrasound signal. This results in a loss of information
in the shadowed area, leading to underestimation or lack of stiffness measure-
ment (Figure 7B).

* Shear wave shadowing: In SWE, if the shear wave is blocked by a dense
structure like a rib, it cannot propagate to deeper tissues, causing artifacts in
the elastogram.

Figure7.

Ervoneous elastography values in a normal liver from artifact or user error at a GE LOGIQ 10 system. (A)
Vertical bands across the ROI from motion with highly variable stiffness (3-48 kPa). (B) Artifactual liver
stiffness acquired by placing ROI in a rib shadow. (C) Liver stiffness increased by 3.3 kPa in a normal liver by
acquiring samples during maximum inspivation approximately 1 hour postprandial.
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* Prevention: Adjusting the transducer position to avoid highly attenuating
structures or changing the imaging window can reduce shadowing.

b.Reverberation artifact

* Reverberation occurs when the ultrasound signal bounces between two highly
reflective surfaces, causing multiple echoes and resulting in false stiffness
values.

* This artifact is common near superficial structures and can interfere with
both strain and shear wave elastography by distorting tissue displacement
measurements.

* Prevention: Adjusting the transducer angle or repositioning the transducer to
minimize reverberations can help.

c. Compression artifact (in strain elastography)

* Instrain elastography, uneven or excessive compression by the operator
can lead to artifacts, particularly near the surface of the tissue. Over-
compression can artificially increase the strain, making tissues appear softer
than they are.

* Prevention: Proper training and practice in applying consistent, light com-
pression can help reduce this artifact. Automatic compression techniques or
external vibration sources can also be used to standardize compression.

d.Noise artifact

* Alow SNR results in grainy or noisy elastograms, where the tissue stiffness
is not clearly visualized. This can lead to false positives or false negatives in
detecting tissue abnormalities, especially in SWE.

* Prevention: Improving the SNR by adjusting gain settings, using appropriate
transducer frequency, and ensuring proper contact between the transducer
and skin can help mitigate this artifact.

e. Side lobe artifact
* Side lobe artifacts occur when ultrasound energy from side lobes (off-axis
beams) interferes with the main ultrasound signal, leading to incorrect

elastography readings.

* These artifacts can be particularly problematic in SWE because side lobe
energy can affect the generation and detection of shear waves.

* Prevention: Using high-quality transducers with good beamforming capabili-

ties and adjusting the gain and focal zone settings can help reduce side lobe
artifacts.
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f. Inhomogeneity artifacts

* Tissue inhomogeneities such as reticular or confluent liver fibrosis, fat depos-
its, or necrotic masses can cause the shear wave to propagate unevenly, result-
ing in false stiffness measurements.

* Inliver elastography, severe fatty liver disease (steatosis) can attenuate the
shear wave, leading to underestimation of stiffness in deeper parts of the liver.
However, lesser degrees of steatosis will actually reduce hepatic stiffness,
masking the severity liver fibrosis.

* Prevention: Selecting ROIs that avoid areas of heterogeneity or using software
algorithms to compensate for inhomogeneities can improve accuracy.

g.Edge artifact

* This artifact occurs near the borders of structures with large differences in
stiffness. For example, the border of a stiff tumor and softer surrounding
tissue can produce an artifact where the stiffness gradient is exaggerated or
inaccurate.

* Prevention: Adjusting the ROI to exclude the very edge of structures can
minimize the impact of edge artifacts.

h.Motion artifacts

* Both patient movement and internal motion (e.g., breathing, heartbeats) can
interfere with shear wave propagation, leading to false readings.

* Visually this often manifests as vertical bands across the color map
(Figure7A).

* Prevention: Instructing the patient to hold their breath during imaging or
using gating techniques (e.g., ECG synchronization for cardiac elastography)
can reduce motion artifacts.

5. Bioeffect and safety of ultrasound elastography

Ultrasound elastography operates under certain physical principles that raise ques-
tions about its bioeffects and safety [27, 28]. Understanding these aspects is critical to
ensure that elastography remains a safe modality for routine clinical use. This involves
considering potential biological effects such as thermal and mechanical risks, as well
as safety guidelines established by regulatory bodies.

5.1 Mechanisms of potential bioeffects

There are two primary mechanisms by which ultrasound, including that used in
elastography, could potentially cause biological effects:
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5.1.1 Thermal effects

* Ultrasound energy can cause tissue heating, particularly at higher intensities.
This is referred to as the thermal index (TI), a measure of the potential tempera-
ture rise in tissue caused by ultrasound [9].

* During elastography, SWE uses focused acoustic radiation forces to generate
shear waves. This requires a higher intensity compared to conventional B-mode
imaging, and while it increases the risk of thermal effects, SWE is typically
applied in short bursts (milliseconds), minimizing significant heating.

* SE relies on external compression or natural tissue movements, which do not
generate heat, making it safer from a thermal perspective compared to SWE.

5.1.2 Mechanical effects

* Mechanical effects include non-thermal interactions like cavitation (the forma-
tion of bubbles in a liquid) or tissue displacement due to mechanical forces.
These are quantified by the mechanical index (MI), which reflects the potential
for cavitation or other mechanical bioeffects [9].

* In elastography, the application of acoustic radiation forces in SE and SWE can
displace tissue, but the duration and energy of these forces are controlled to be
within safe limits. For SE which uses external compression, it does not involve
high-energy mechanical forces and thus carries lower mechanical risks.

* Cavitation is not typically a concern in elastography because the energy levels are
well below the threshold required for the formation of gas bubbles in tissues.

5.2 Safety guidelines

Although ultrasound elastography is generally considered a safe, non-invasive
imaging technique used to measure tissue stiffness, to ensure its safe and effective
use, certain safety guidelines still should be followed. Several organizations such as
FDA (Food and Drug Administration), AIUM (American Institute of Ultrasound
in Medicine), and EFSUMB (European Federation of Societies for Ultrasound in
Medicine and Biology) have established safety guidelines for the use of ultrasound
elastography. Below are the key safety guidelines:

a.Minimize acoustic output: By following ALARA rule (As Low As Reasonably
Achievable), the lowest acoustic output (TI and MI) that still provides adequate
information should be used to minimize potential thermal and mechanical bioef-
fects on tissue. A TI of less than 1 is considered safe for most clinical applications
and an MI below 1.9 is generally considered safe [29, 30].

b. Appropriate use of compression: When performing strain elastography with
manual compression, care must be taken to avoid applying excessive force
with the ultrasound probe as it could cause discomfort or injury to the patient.
Excessive pressure can also distort measurements. Operators should be trained
and certified in both standard and elastography techniques.
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c. Sensitive organs: Care should be taken to avoid too much acoustic output over
sensitive areas such as eyes, testes, and open wounds, or during long procedures
to prevent tissue damage or burn.

d.Vulnerable patients: For pediatric, pregnant, elderly patients, or patients with
conditions like osteoporosis, bone fractures, or severe skin conditions, extra care
should be taken to avoid excessive transducer pressure.

e. Contraindications and precautions: Elastography may not be suitable for patients
with severe inflammation or large volume abdominal ascites, where stiffness
measurements may not reflect actual tissue stiffness.

6. Quality assurance of ultrasound elastography

Quality assurance (QA) in ultrasound elastography is essential to ensure that the
technique produces reliable, consistent, and accurate measurements of tissue stiffness
across different patients, operators, and systems. Here are the key components of
quality assurance in ultrasound elastography.

6.1 Machine calibration and performance testing

To ensure that the ultrasound elastography system operates correctly and provides
accurate stiffness measurements, routine calibration and performance testing are
critical. This includes:

a. Phantom testing: Regular testing of ultrasound elastography systems using tissue-
mimicking phantoms with known mechanical properties (e.g., known stiffness in
kPa or shear wave velocity in m/s). Phantoms should simulate the physical proper-
ties of soft tissues and help verify the accuracy of elastography measurements.

* Phantom types: Elastic and viscoelastic phantoms, which simulate different
tissues, should be used to test both strain and shear wave elastography systems.
These phantoms often have regions of varying stiffness, allowing the system
to be tested for sensitivity and accuracy across a range of stiffness values. For
example, Sun Nuclear Inc. provided two elasticity phantom models (model
046 and 039) for ultrasound elastography QA/QC (www. sunnuclear.com/
products/zerdine-ultrasound-phantom).

* Accuracy verification: Measurements obtained from the ultrasound elastogra-
phy system should closely match the known stiffness values of the phantom.
Discrepancies between actual and expected values may indicate calibration
issues, requiring adjustments to the system.

b.Reproducibility testing: Reproducibility of elastography measurements is critical.
Multiple measurements on the same phantom should yield consistent results to
ensure the systemss reliability. The coefficient of variation (CV) should be low,
typically under 10%, for good reproducibility [31].

c. System maintenance: Routine maintenance should be performed to ensure that
the ultrasound system, transducer, and software components are functioning
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properly. Software updates may also include improvements to elastography
algorithms, enhancing accuracy.

6.2 Standardization of acquisition protocols

Variability in ultrasound elastography measurements can occur due to differences
in how the technique is applied, particularly in strain-based methods where manual
compression is involved. To minimize variability, standardized acquisition protocols

should be followed [10, 31, 32]:

a. Operator training: Operators should be well-trained in both the physics of elastog-
raphy and the specific technique to ensure consistency. In the case of strain elas-
tography, proper compression technique is critical for reliable results. For shear
wave elastography, correct transducer placement and pressure are also essential.

b.Uniform compression/force: In strain elastography, ensuring uniform compres-
sion of the tissue is critical for reproducibility. Too much or too little pressure
can affect the elastogram’s accuracy. Acoustic radiation force used in shear wave
elastography should also be consistent across measurements.

c. Patient positioning: Proper patient positioning and immobilization are crucial
for reducing motion artifacts and ensuring consistent measurements. For exam-
ple, during liver elastography, the patient should hold their breath to minimize
motion artifacts from respiration.

d.Consistent region of interest (ROI): The ROI in elastography imaging should be con-
sistently selected across measurements. ROIs should be placed in areas free of large
blood vessels, calcifications, or other heterogeneities to avoid measurement errors.

e. Number of measurements: To improve accuracy, multiple elastography meas-
urements (usually 5, 10 or more) should be acquired, and the median value
of these measurements should be used to assess tissue stiffness. The spread
(interquartile range, IQR) of the measurements can indicate variability and
serve as a quality indicator.

f. Quality metrics: Many elastography systems provide real-time quality metrics
(such as the shear wave quality map or the IQR/median ratio) that indicate the
reliability of the current measurement. These metrics should be monitored to
ensure that only high-quality data is included in the final assessment.

6.3 Intra-operator and inter-operator variability

a.Intra-Operator Variability: Variability within the same operator’s measurements
should be minimized by:

* Consistent application of the technique, using the same amount of force, ROI
placement, and measurement protocols.

* Reproducibility tests should be performed regularly to monitor the consistency
of an operator’s measurements over time.
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b.Inter-Operator Variability: Differences between operators can introduce variabil-
ity in elastography measurements, especially in techniques like strain elastogra-
phy that involve manual compression. To minimize this variability:

* Operators should undergo standardized training and certification processes to
ensure consistency across different situations.

* Regular proficiency assessments should be conducted to ensure that operators
adhere to best practices.

6.4 Patient-specific factors

Patient-specific factors can influence elastography measurements. QA protocols
must take these factors into account:

a.Body mass index (BMI) and Subcutaneous Fat: In patients with high BMI or large
amounts of subcutaneous fat, shear waves may not propagate effectively, leading
to inaccurate measurements, particularly in deeper tissues like the liver. Techniques
such as adjusting the frequency of the ultrasound probe, using different transduc-
ers, or modifying the measurement depth can help address these issues.

b.Breath holding and motion artifacts: For liver elastography, patients are usually
asked to hold their breath during measurements to avoid motion artifacts from
respiration. Ensuring proper patient cooperation is essential for obtaining reli-
able data.

c. Tissue heterogeneity: Tissues with heterogeneities, such as fibrosis, calcifica-
tions, or fatty infiltration, may affect the accuracy of elastography measure-
ments. The operator should be trained to avoid regions with such heterogeneities
or adjust measurement protocols accordingly.

6.5 Regulatory standards and guidelines

International and national guidelines for elastography quality assurance are
essential for maintaining high standards in clinical practice. For example, EFSUMB
provides guidelines for the use of elastography, including equipment calibration,
operator training, and clinical protocols for different elastography techniques [32].
The AIUM provides recommendations for ultrasound elastography, emphasizing
quality control measures, training, and equipment maintenance [33]. Radiology
Society of North America (RSNA) Quantitative Imaging Biomarker Alliance (QIBA)
standardizes methods to create biomarkers that meet a claimed performance and
publishes profiles and consensus of ultrasound elastography [3, 31, 34]. The World
Federation for Ultrasound in Medicine and Biology (WFUMB) published a series of
elastography guidelines in liver, breast, thyroid, and prostate [10].

7. Conclusion

Ultrasound elastography is a specialized technique that measures tissue stiffness
by utilizing the principles of mechanical wave propagation within soft tissues.
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The core physical principle involves the generation of strain or shear waves through
tissue, where the displacement or velocity of these waves is directly related to tissue
stiffness. The primary imaging techniques in ultrasound elastography include strain
elastography and shear wave elastography. In response to excitation, strain elastogra-
phy measures tissue displacement, whereas shear wave elastography quantifies shear
wave speed. Elastograms with either qualitive or quantitative metrics are provided
to assess abnormalities of tissue stiffness such as liver fibrosis, breast lesions, and
thyroid nodules.

Image quality in ultrasound elastography can be influenced by several factors,
including the uniformity of tissue compression, patient movement, and depth of the
target tissue. Artifacts such as noise from surrounding tissues, attenuation at greater
depths, or inaccuracies due to improper probe handling can degrade image quality. To
address these challenges, careful technique, optimized equipment settings, and robust
algorithms are employed to enhance image quality and reduce artifacts. Ultrasound
elastography is considered safe due to the non-ionizing nature of ultrasound waves
and low energy deposition. It is a repeatable and non-invasive procedure, making it
well-suited for longitudinal monitoring. Quality assurance plays a vital role in ensur-
ing accurate and reproducible results. This includes regular calibration of ultrasound
machines, adherence to standardized imaging protocols, and continuous training for
operators to maintain consistency in elastogram acquisition and interpretation.

Overall, ultrasound elastography with proper implementation and special
consideration is a non-invasive, real-time, safe, reliable, and qualitive/quantitative
technique which can be utilized to assess tissue stiffness in clinical and research
applications.
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Chapter 3

Ultrasound Elastographic Features
of Focal Liver Lesions: A Review

Evren Ustiiner, Kemal Altinbag and Metin Yavuz

Abstract

The assessment of the mechanical properties of focal liver lesions (FLLs), such as
stiffness, deformation, and elasticity, using liver sonoelastography remains an area
of ongoing investigation. This review aims to summarize the current evidence on
FLLs, highlighting the technical and methodological limitations of existing studies,
as well as exploring potential future applications. It will cover essential factors for
successful study execution, including the types and limitations of sonoelastographic
methods, proper technique implementation to avoid common pitfalls, and guidance on
constructing reports to convey critical information. Elastographic measurements are
typically based on the assumption that malignant lesions are stiffer than benign ones,
though variations in lesion structure and surrounding liver parenchyma may affect the
results. Although the accuracy of elastography for FLLs is not ideal and does not always
provide perfect differentiation, it can serve as a useful adjunct in patients unable
to undergo contrast-enhanced computed tomography (CT) or magnetic resonance
imaging (MRI) or in combination with other sonographic techniques such as multi-
parametric ultrasound. It may also help differentiate between types of FLLs when the
differential diagnosis is narrowed to specific subgroups. Additionally, elastographic
techniques can assist in biopsy guidance and in evaluating treatment responses to
ablative therapies. The integration of artificial intelligence-assisted technologies may
further enhance the diagnostic potential of elastography for FLLs in the future.

Keywords: ultrasound, elastography, focal liver lesions, liver mass, hemangioma,
hepatocellular carcinoma, cholangiocarcinoma

1. Introduction

Noninvasive diagnosis of focal liver lesions (FLLs) aims to differentiate benign from
malignant lesions. Multimodal approaches combining ultrasound, contrast-enhanced
computed tomography (CT), magnetic resonance imaging (MRI), positron emission
tomography-computed tomography (PET-CT), and biopsy are tailored to individual
patient characteristics, considering factors like safety, contraindications, costs, and avail-
ability [1, 2]. Ultrasound (US) is widely used for its accessibility and cost-effectiveness,
but its sensitivity varies (40-80%) depending on lesion size, location, echogenicity,
and operator expertise, with challenges in detecting small lesions (<1 cm) or those
in cirrhotic livers [3, 4]. To improve accuracy, advanced, multiparametric ultrasound
techniques, such as contrast-enhanced ultrasound (CEUS) and shear wave elastography
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(SWE), are employed. CEUS, with a sensitivity of 92% and specificity of 87-90%, rivals
CT and MRI [1-6]. For instance, CEUS achieved a sensitivity of 92.9% and specificity of
89.7% in detecting malignant lesions in a 2014 study by Zhang et al. [7].

Elastography techniques assess tissue stiffness and viscosity, with malignant
lesions being stiffer due to factors like extracellular matrix (ECM) changes, des-
moplasia, and interstitial pressure. ECM stiffness significantly impacts tumor
morphology, aggressiveness, and treatment response, while benign lesions are often
encapsulated with minimal ECM changes [8, 9]. SWE lacks sufficient sensitivity
and specificity for routine FLL differentiation. European Federation of Societies for
Ultrasound in Medicine and Biology (EFSUMB) and World Federation for Ultrasound
in Medicine and Biology (WFUMB) consider SWE investigational, citing variability
in lesion composition, imaging methods, and patient factors [10-13]. A multipara-
metric approach incorporating clinical context, B-mode imaging, CEUS, SWE, and
Doppler techniques is recommended for optimal FLL evaluation [1, 2, 6].

2. Types of elastography used in assessment of FLLs

Strain elastography (SE) qualitatively assesses tissue stiffness through external
compressive forces, making it suitable for superficial structures. However, SE is
operator-dependent, has low resolution, and results may vary due to inconsistent
wave dissipation [6, 15, 16]. Real-time SE provides elasticity maps and semi-quantita-
tive measures like strain ratio and hardness percentage, often relying on color-coded
scales [14-17]. For instance, the Elasticity Type of Liver Tumor (ETLT) system
categorizes strain patterns into four levels (A to D) based on stiffness, as described by
Kato et al., later expanded into modified ETLT [16, 17].

Dynamic methods like transient elastography (TE) and acoustic radiation force
impulse (ARFI) provide quantitative stiffness assessment by analyzing shear wave
propagation. TE (one dimensional SWE (1D-SWE)), commonly used for liver fibrosis
assessment, lacks B-mode imaging and is unsuitable for FLLs [14, 15]. ARFI enables
localized tissue stiffness evaluation through virtual touch imaging (VTI) and point
shear wave elastography (pSWE), integrating B-mode imaging and offering both
semi and absolute quantitative analysis using a fixed 1 cc or 5-6x10 cm region of
interest (ROI). Technology relies on a brief acoustic trigger pulse that generates lateral
shear waves quantified by Doppler (ElastPQ ) or radiofrequency echo-based tracking
[4, 6, 10, 14, 15]. ARFI measurements, though effective up to 8 cm, are influenced by
factors like breathing and motion artifacts [14, 15, 18].

Two-dimensional SWE (2D-SWE) uses focused ARFI pulses for high-resolution
stiffness maps, enabling both qualitative and quantitative assessments of FLLs. It pro-
vides real-time color-coded stiffness visualization and higher spatial resolution than
ARFI or TE. However, inter-vendor variability and depth-related limitations impact
its consistency, emphasizing the need for standardization [18-20]. Color scales, set
by the vendor, typically range from blue/green (low stiffness) to red (high stiffness).
SWE measures stiffness as shear wave velocity (m/s) or as Young’s modulus (kPa),
calculated using tissue density and shear wave speed that are convertible based on the
formula E = 3pc2 where E represents elasticity, c is the shear wave speed and p is the
tissue density, often approximated as that of water. pSWE measurements are often
expressed using meter per second (m/s) and 2D-SWE measurements as kiloPascals
(kPa) [1, 10, 14, 15, 18-20]. Three Dimensional SWE (3D-SWE) offers volumetric
analysis but is time-intensive and prone to motion artifacts [21].
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In 2D-SWE, each system has defined upper and lower limits within its color
spectrum. For instance, the Aixplorer system (Supersonic Imagine, France) has an
upper color spectrum limit of 70 kPa [4, 45]. Similarly, with ARFI Virtual Touch
Quantification (VTQ ), the Siemens Acuson S2000 device (Siemens, California) could
not reliably quantify lesions with VTQ values below 0.5 m/s or above 4.4-5 m/s [29, 36].
Stiffness values derived from deformation and strain are influenced by the differences
in frequency of excitative ARFI pulses, technology, calibration and algorithms which
may vary by 10-12% among manufacturers. Consequently, it is essential to be aware to
this inter-vendor variability and use the same device or technology for consistent com-
parison or follow-up evaluations of stiffness in specific tissues and refer to established
cross system comparison manuals when interpreting results [10, 15, 16, 18].

Studies comparing methods show similar diagnostic performance. For example,
Nacheva-Georgieva et al. found pSWE and 2D-SWE equally effective in differentiat-
ing benign from malignant lesions, with AUROCs of 100% [20]. Hu et al.s meta-
analysis reported comparable sensitivity and specificity for pPSWE (82% sensitivity,
82% specificity) and 2D-SWE (84% sensitivity, 82% specificity) [22]. Sporea et al.
found that both VTQ and ElastPQ are effective in gauging liver stiffness; however,
ElastPQ consistently yielded lower values than VTQ, a discrepancy they attributed
to the differing physical principles of each technique [18]. Despite advancements,
limitations like depth related shear wave attenuation, mechanical constraints, and
inter-vendor differences necessitate cautious interpretation and ongoing technologi-
cal improvements [6, 15].

3. Technique

Adhering to WFUMB, Society of Radiologists in Ultrasound (SRU), and EFSUMB
guidelines ensures consistency and minimizes variability in elastography assessments.
However, not all FLLs are suitable for elastographic evaluation. Hu et al. in their
metanalysis, reported that measurement infeasibility was observed in 1.2 to 26.3% of
cases, with an average rate of 12.7% due to technical and patient-related factors like
lesion depth, motion artifacts, and poor acoustic windows [22]. Despite these limita-
tions, optimized techniques and equipment, such as fasting, proper positioning, and
selecting the best acoustic window, can improve success rates to over 90% [11, 22-24].

SWE measurements depend on lesion depth, location, and liver conditions.
Depth-related attenuation and artifacts complicate measurements in lesions >8 cm
deep or in left liver segments affected by cardiac motion [10, 11, 25]. The ROI mea-
surements should be done in suspended breathing on homogeneous, peripheral, stiff
areas, avoiding necrotic, central, calcified, marginal regions and should avoid the
liver capsule and large vessels [10, 24-27]. Naganuma et al. recommend placing the
ROI away from the liver capsule to avoid reverberation artifacts and refraining from
positioning it posterior to lesions to minimize refraction and reflection issues at tissue
interfaces. They also suggest selecting the least irregular hepatic surface for measure-
ments in cirrhotic livers and reducing probe compression when performing 2D-SWE
[19]. If more than one lesion is present, most representative and easiest to measure
is chosen and if lesion’s size is more than 3 cm and heterogenous, multiple large ROI
can be used to cover the lesion and measurements are averaged [28]. Color maps can
be used to guide the ROISs to the stiffest parts of the lesion [24]. Guibal et al. found no
correlation between lesion size and mean stiffness in both benign and malignant FLLs
using 2D-SWE, emphasizing that elastometry of FLLs is unique to the lesion [29].

35



Elastography — Curvent Insights and Applications

The stiffness of surrounding liver parenchyma can influence the accuracy of SWE of
FLLs, particularly in cirrhosis, steatosis, or after oncological treatments [15, 30, 31]. Frulio
etal. examined the stiffness of surrounding liver tissue in relation to FLLs and found that
increased parenchymal shear wave velocity (SWV) values were not limited to fibrosis
but were also observed in cases of steatosis, chemotherapy, peliosis, congestion, portal
embolization, and portal thrombosis. Interestingly, they noted that, in some patients,
elevated SWV values were recorded in normal liver tissue without any apparent reason
[30]. The study by Hwang et al. on liver phantoms using 2D-SWE demonstrated that stiff-
ness values of phantoms were influenced by both the background stiffness and the depth
of inclusions. Stiffness of lesion phantoms was significantly higher in cirrhotic simula-
tions compared to normal (13.9 vs. 10.2 kPa), and higher variability and less reliability
were noted at 7 cm depths compared to 3-5 cm depths and lesion conspicuity decreased
significantly in lesions less than 1 cm [32]. Some studies suggest using relative stiffness
metrics (lesion-to-liver ratio) to enhance diagnostic accuracy, though results vary [30,
33-37]. Summing or comparing stiffness values between lesions and adjacent tissue shows
potential in improving malignancy differentiation [24, 35, 36].

Reproducibility of SWE measurements is generally high, with strong intra- and
interobserver agreement, particularly for shallow, homogeneous lesions [24, 25, 32,
35]. Elastography values often vary within and among tumors due to differences in
internal composition, with heterogeneity more common in larger, necrotic malignant
tumors, potentially indicating malignancy [28, 30]. Metrics such as an interquartile
range (IQR)-to-median ratio > 0.3 in ARFI and a standard deviation (SD) >5 kPa
in 2D-SWE suggest heterogeneity [29, 30, 38]. Larger ROIs increase SD and reduce
mean elasticity (Emean) due to sampling varied elasticity areas, including necrotic
regions. Smaller, fixed ROIs targeting stiff areas provide more precise results [24, 25].
Grgurevic found no significant difference between minimum, mean, and maximum
elasticity (Emin, Emean, and Emax) for malignancy differentiation [28]. Gerber
reported similar findings but noted sensitivity and specificity trade-offs depending
on ROI placement, with Emax from the stiffest areas performing best [39, 40].

4. Reporting

When evaluating FLLs with elastography, it is crucial to document B-mode
ultrasound features, including lesion location, size, shape, depth, echogenicity,
and morphology. Precise localization using the Couinaud classification and noting
whether lesions are incidental or associated with fibrosis, malignancy, or paren-
chymal changes (e.g., due to chemotherapy or radiation) are essential [39, 41]. The
vascularity of lesions should be assessed, excluding aneurysms that mimic FLLs. For
elastography, the rationale for lesion selection must be documented. In pSWE, the
ROI placement site should be noted, while in 2D-SWE, both ROI size and placement
must be specified. SWE measurements, typically median values from at least 3-5
ROIs up to 10, should be reported in Young’s modulus (kPa) or shear wave velocity
(m/s). Including maximum elasticity (Emax) and relative stiffness ratio (RR) can
enhance diagnostic accuracy [21, 24, 40]. Adherence to quality parameters such as
stability index (>90%) and IQR/m (<30%) is critical for reliable results, and these
indicators should be documented [10-12]. Device variability (10-12%) necessitates
using the same system for follow-ups, and the type of elastography, device, and probe
should be recorded [10-12, 18]. Saving dynamic and still images in picture archiving
and communication system (PACS) and ensuring post-processing capabilities are
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recommended. Awareness of confounding factors affecting stiffness values should be
noted in reports to enhance diagnostic accuracy and management.

5. Methodological limitations of elastographic studies on FLLs

Elastography studies of FLLs face several limitations that affect reliability and gen-
eralizability. Many studies are retrospective or case series without assessing inter- and
intra-observer variability, and small, homogeneous sample sizes often lack diversity
in tumor subtypes [6, 28, 43, 44]. Benign lesions like hemangiomas (HHs) and focal
nodular hyperplasias (FNHs) are well-represented, whereas rarer subtypes, such as
cirrhotic nodules (CNs) and hepatocellular adenomas (HAs), are underrepresented.
Similarly, malignant lesions such as cholangiocarcinomas (CCCs), lymphomas, and
sarcomas are less frequently studied, reducing statistical power [33, 45]. Most stud-
ies diagnose FLLs based on imaging (CT, MRI, CEUS) rather than histopathology,
potentially misidentifying subtypes, as tumor stiffness values vary with histological
composition [25, 28, 46]. Tumor heterogeneity, both inter- and intra-lesional, further
influences outcomes, particularly in metastatic lesions from diverse origins. Indicators
like increased IQR/m or standard deviation may reflect this variability [29, 30, 38].

Inconsistencies in shear wave elastography (SWE) methods, such as ROI size and
placement, further challenge comparisons. Lesions <10 mm are often excluded, and
studies differ in ROI placement—whether targeting the stiffest part, the entire lesion,
or averaging areas [28, 39, 40, 42, 47]. The number of measurements also varies, with
studies using two to ten measurements, and approaches to surrounding parenchyma
assessment differ [28, 30, 33, 48]. Absolute stiffness values, relative ratios, or sums
are inconsistently applied [24, 33-35]. Variations in SWE technologies, including
ARFI, pSWE, and 2D-SWE, add to study heterogeneity, complicating cross-study
comparisons and interpretation [10, 14, 18].

6. General elastographic evaluation of focal liver lesions

Differentiating benign from malignant FLLs is critical for timely management.
While most FLLs are benign and incidental, primary liver cancer is the sixth most
common cancer and the fourth leading cause of cancer-related deaths globally [49].
Common benign lesions include HHs, FNHs, and hepatocellular adenomas (HAs),
whereas metastases and hepatocellular carcinoma (HCCs) are the most common
malignant lesions [41, 49]. Initial evaluation involves B-mode and Color Doppler
ultrasound (CDUS) to exclude cystic and vascular lesions and assess the background
liver parenchyma [28, 41]. Factors such as old age, male gender, anemia, elevated
alpha-fetoprotein, and liver fibrosis increase the likelihood of malignancy [41, 50].

SWE differentiates lesions based on stiffness, with malignant lesions generally stiffer
than benign ones. CCCs, metastases, and HCCs are among the stiffest, while HHs and
HAs are the softest, though stiffness values often overlap [27, 29, 30, 33, 48, 51]. HCCs in
cirrhotic livers may appear softer due to the stiff background, complicating differentia-
tion [25, 27, 29, 52]. Techniques like histogram analysis of elasticity maps may improve
diagnostic accuracy by identifying patterns unique to benign or malignant lesions [53, 54].

Stiffness values can also reflect tumor aggression and therapy response. For example,
HCCs with stiffness >19.53 kPa are associated with poor outcomes with programmed cell
death protein 1 (PD-1) inhibitors, while increased liver stiffness correlates with reduced
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responses to sorafenib [55, 56]. Peritumoral stiffness often increases due to tumor inva-
sion and ECM remodeling, though its diagnostic accuracy remains moderate compared to
paratumoral measurements (>2 cm from the lesion) [57]. Matrix stiffness directly influ-
ences tumor progression and resistance to treatment. Studies show HCC cells in stiffer
environments exhibit higher proliferation and dedifferentiation, emphasizing stiffness as
a marker for malignancy and treatment planning [8, 9, 55, 56]. Further research is needed
to refine elastography’s role in clinical decision-making Table 1.

7. Elastographic studies in differentiation of malignant from benign
lesions

Strain elastography (SE) has been utilized with histogram and hardness percentage
analyses for FLL evaluation. Kato et al. achieved 92.7% diagnostic accuracy in intraopera-
tive SE, showing HCCs as softer (pattern B) and metastases as stiffer (pattern D) ona
four-tier ETLT color map [16]. Sandulescu et al. achieved 92.5% sensitivity and 88.6%
accuracy using SE histogram analysis [53], while Gheorghe et al. found blue-coded stift-
ness and hypervascularity as key indicators for HCC, with a blue intensity cut-off value of
128.9 yielding an area under the curve (AUROC) of 0.94 [54]. Cesario et al. reported that
modified ETLT improved benign-malignant differentiation but with reduced accuracy.

A strain ratio cut-off of 1.2 provided 90.9% sensitivity and 87.5% specificity [58]. Abdel-
Latif et al. [59], Guibal et al. [29], and Park et al. demonstrated 2D-SWE color maps as
effective tools for differentiation [25]. Frulio et al. and Abdel-Latif et al. highlighted that
FNHs can mimic malignancies on SE [30, 59]. The discrepancies between color maps and
stiffness values stem from the qualitative nature of SE versus ARFI technology, which
measures strain via shear wave propagation [14].

Early studies focused on ARFI pSWE, while 2D-SWE gained prominence after
2015. Malignant lesions generally show higher stiffness than benign ones, but over-
lapping SWE values limit diagnostic accuracy. SWV cut-offs range from 1.5-2.7 m/s
(ARFI) and 22.3-39.6 kPa (2D-SWE). The sensitivity and specificity for differentiat-
ing benign from malignant lesions using elastography cut-offs range from 66 to 93%
and 30 to 95%, respectively, with AUROCs between 0.70 and 0.99 (6.22,51,60-63).
CCCs generally have the highest stiffness, followed by metastases and HCCs, though
some HCCs appear softer due to tissue composition and necrosis. Subtype differentia-
tion is weaker in studies with fewer metastatic or CCC cases [6, 22, 51, 60-63]. Ying
et al’s meta-analysis of ARFI elastography (590 lesions) reported a sensitivity of 86%
and specificity of 89%, with a hierarchical summary ROC of 0.94 [61]. Maetal.,
analyzing six studies (448 lesions), found a sensitivity of 85% and specificity of 84%

Benign liver lesion Stiffness Malignant liver lesion Stiffness
Hemangioma Low to moderate HCC Low to high
Focal nodular hyperplasia Moderate to high Metastatic lesions Moderate to very high
Hepatocellular adenomas Low to moderate Cholangiocarcinoma Moderate to very high
Regenerative nodules Moderate to high
Dysplastic nodules Moderate to very high

Table1.

Stiffness of common benign and malignant lesions.
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using a 1.56 m/s SWYV cut-off, achieving an AUROC of 0.933 [62]. Jiao et al. reviewed
nine studies (1046 lesions), reporting a sensitivity of 82.2%, specificity of 80.2%,
and summary ROC of 0.87 [63]. Similarly, Hu et al., in a review of 15 studies (1894
lesions), reported a sensitivity and specificity of 82%, with a summary ROC of 0.89
using SWV cut-offs of 1.82-2.5 m/s (Table 2) [22].

Maximal elasticity (Emax) has shown advantages over Emean and Emin values
in differentiating FLLs. Zhang et al. found that Emax values (cut-off 1.945 m/s)
achieved an AUROC of 0.978, with sensitivity and specificity of 92.9 and 91.7%,
respectively [42]. Tian et al. reported that Emax improved specificity (83.7 vs. 72%)
compared to Emean but slightly reduced sensitivity (87.7 vs. 90.2%) [24]. Guo et al.
observed moderate diagnostic accuracy for Emax with an AUROC of 0.74, while
Grgurevic found no significant differences among Emax, Emean, and Emin [28, 40].

Combining SWE with other sonographic modalities, such as CEUS, improves
diagnostic accuracy. Singla et al. reported that SWE combined with B-mode imag-
ing increased predictive accuracy from 66 to 91.4% [46]. Zhang et al. found CEUS
and SWE together achieved 96.4% accuracy compared to 91.8% for CEUS alone [7].
Ruan et al. reported increased specificity and AUROC when adding SWE to CEUS
for benign lesion diagnosis, while SWE alone showed a 100% NPV for benign lesions
and PPV for malignant lesions at specific stiffness thresholds [64]. Grgurevic et al.
introduced a malignancy score combining SWE metrics that included lesion stiffness,
relative stiffness and stiffness variance, achieving 96% accuracy [28]. In the study
by Wu et al. when VTQ was combined with CEUS, the results improved compared
to VTQ alone but did not improve significantly compared to CEUS alone [51, 65]. Da
Silva et al. highlighted that SWE enhanced CEUS by improving specificity and identi-
fying challenging lesions [66]. These studies suggest that SWE complements CEUS by
reducing false positives and improving diagnostic performance in complex cases.

Elastography values often vary in large or necrotic tumors, indicating malignancy.
High intralesional stiffness variation, such as an IQR-to-mean ratio > 0.3 or elasticity
SD >5 kPa, correlates with malignancy [29]. Grgurevic et al. found significant stiff-
ness variability with an AUROC of 0.62, while Tian et al. reported an AUROC of 0.915
using an elasticity SD (E-SD) cut-off of 5.50 kPa, achieving 82.35% sensitivity and
89.8% specificity [24, 28] Guibal et al. noted that while malignant lesions like metas-
tases showed greater heterogeneity, benign lesions such as focal nodular hyperplasia
(FNH) could also exhibit variability (Table 3) [29].

8. Contribution of background liver stiffness measurements to benign and
malignant FLLs differentiation

PSWE and 2D-SWE target lesion stiffness, but adding surrounding liver stiffness
or relative elasticity ratio (RR) offers limited diagnostic improvement [24, 25, 30, 51,
67, 68]. Most studies found liver stiffness higher in HCC patients compared to the
background liver [27, 39, 52]. Ronot et al. noted no significant RR changes in liver ste-
atosis, with FLLs consistently stiffer in normal livers (26.8 + 14 vs. 8.2 + 3.1 kPa) [45].
Heide et al. found no significant stiffness difference between benign and malignant
lesions without cirrhosis (1.47 + 1.08 vs. 1.57 + 1.51 m/s) [33]. Frulio et al. observed
higher liver stiffness in malignancy but noted overlap among the lesions [30]. Park
etal. reported lower stiffness for HCC (45.72 + 35.65 kPa) compared to metastases
(6743 + 43.39 kPa) but higher than benign lesions (22.05 + 17.24 kPa); RR differences
were not significant [25].
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Study Year  Number Type of SWEvalue  Sensitivity  Specificity
oflesions  elastography cut-off
-vendor

Choetal. [44] 2010 60 ARFI - Acuson 2m/s 74% 82%
S2000-Siemens

Daviesetal. [23]” 2011 45 ARFI - Acuson 2.5m/s 97.1% 100%
S2000-Siemens

Shuang-Ming et al. [43] 2011 128 ARFI - Acuson 222 m/s 89.7% 95%
S$2000-Siemens

Zhang et al. [26] 2013 154 ARFI - Acuson 2.22m/s 81.3% 93%
$2000-Siemens

Park et al. [35] 2013 47 ARFI - Acuson 1.82m/s 71.8% 75%
S2000-Siemens

Kimetal. [36] 2013 101 ARFI - Acuson 2.73m/s 96.4% 65.8%
S$2000-Siemens

Guibal etal. [29] 2013 139 2D-SWE 6 kPa 70,9% 30%
- Aixplorer-
Supersonic
Imagine

Zhang etal. [7] 2014 170 ARFI - Acuson 2.16 m/s 81.3% 71.4%
S2000-Siemens

Guoetal. [67] 2015 134 ARFI - Acuson 213 m/s 83.3% 77.9%
S2000-Siemens

Goyaetal. [47] 2015 117 ARFI - Acuson 2.52 m/s 97% 66%
S2000-Siemens

Luetal. [57] 2015 373 ElastPQ 13 kPa 78% 83%
— Philips-iU22

Park et al. [25] 2015 136 2D-SWE 30.8 kPa 70.6% 82.4%
- Aixplorer-
Supersonic
Imagine

Tian et al. [24] 2016 229 2D-SWE 39.6 kPa 87.7% 83.7%
- Aixplorer- (Emax)
Supersonic
Imagine

Dong et al. [34] 2017 154 ElastPQ 2.06 m/s 80.6% 88%
- Philips-EPIQ7

Nagolu et al. [76] 2017 60 ARFI - Acuson 2m/s 92% 96%
S2000-Siemens

Gerber et al. [39] 2017 106 2D-SWE 20.7 kPa 79% 62%
- Aixplorer-
Supersonic
Imagine

Grgurevic et al. [28] 2018 259 2D-SWE 22.3kPa 83% 86%
- Aixplorer-
Supersonic
Imagine

Akdogan et al. [74] 2018 70 ARFI - Acuson 2.32m/s 93% 60%
S2000-Siemens
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Study Year  Number Type of SWEvalue  Sensitivity  Specificity
oflesions  elastography cut-off
—vendor
Zhang etal. [42] 2020 104 ARFI - Acuson 1.95m/s 93% 92%
S2000-Siemens (Emax)
Serag et al. [50]" 2020 110 ElastPQ 13.24 kPa 78.0% 71.2%
- Philips-iU22
Abdel-Latif et al. [59] 2020 75 2D-SWE - 14.165 kPa 91.1% 78.3%
Logiq E9-GE
healthcare
Singla et al. [46] 2020 50 ElastPQ 25 kPa 66% 30%
- Philips-iU22
Youssef etal. [68] 2022 138 2D-SWE - 11,13 kPa 100% 80%
Logiq S8-XD
Clear-GE
Healthcare
Guo et al. [40] 2022 132 ElastPQ 1.905m/s 71% 84.38%
— Acuson (Emax)
Sequoia-
Siemens
Nacheva-Georgieva. 2022 125 2D-SWE, 1.59 m/s 100% 100%
[201"™" PSWE - Esoate
MyLab 9 Exp

SWE value: Shear wave elasticity value. Hemangiomas are compared to malignant FLLs only.
Hemangiomas are compared to metastatic lesions only.
Hemangiomas compaved to HCC only.

Table 3.
Sensitivity and specificity and shear wave elasticity cut-off values to discriminate benign from malignant FLLs
from some of the studies that reported statistically significance in differentiation for ultrasound elastography.

Absolute stiffness values consistently achieve higher diagnostic accuracy com-
pared to RR. For example, Guo et al. reported a SWV cut-off of 2.13 m/s and a RR
of 1.37 m/s with an AUROC of 0.824 for SWV vs. an AUROC of 0.660 for RR. SWV
outperformed RR measurements [67]. In the study by Dong et al. RR cut-off value
to differentiate a malignant lesion from a benign was 1,67 with a sensitivity of 67,3%
and specificity of 71,2%. But the sensitivity and specificity for RR were lower than
absolute elasticity of FLLs, which were 80,6% and 88% respectively [34]. Similar
observations were made by Tian et al. [24]. Grgurevic et al. reported that stiffness
ratio of the FLL to the liver and stiffness variance both had a lesser AUROC of
0,58 and 0,62 compared to absolute SWV of FLL [28]. Lu et al. found a stiffness
cut-off of 13 kPa (AUROC 0.86) was superior to RR of 1,3 (AUROC 0.69) for dif-
ferentiating benign and malignant lesions [57]. In the metanalysis by Hu et al. which
incorporated data from 15 studies, the pooled sensitivity and specificity of stiffness
relative ratio using a cut-off value of 1.3-1.67 were 0.72% (95% CI: 0.59-0.83) and
0.82% (95% CI: 0.43-0.97), respectively, with a summary ROC of 0.78% (95%

CI: 0.74-0.81) which were slightly lower than the values for absolute elastography
measurements of FLLs [22].

Alternative approaches, such as summing or subtracting stiffness values between
lesions and parenchyma, have shown promise. Park et al. demonstrated summed
SWYV values significantly enhanced diagnostic differentiation (AUROC 0.853) [35].
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Kim et al. suggested differences in SWV could better distinguish hepatocellular
carcinoma (HCC) from other malignancies (Table 4) [36].

In cirrhotic livers, stiffness ratios may aid in evaluating HCC and ICC [24]. Guibal
et al. using stiffness ratio predicted HCC with 65% sensitivity and 93% specificity
[29]. Tian et al. advocated for comparing absolute liver stiffness values to standard-
ized benchmarks to enhance diagnostic accuracy [24]. In the study by Lu et al., the
stiffness ratio proved more effective than stiffness values in differentiating metastases
from primary liver cancers (HCCs and ICCs), achieving an AUROC of 0.71 compared
to 0.58. It also demonstrated greater accuracy in distinguishing cirrhotic nodules from
other benign lesions, with an AUROC of 0.86 compared to 0.53 [57]. While ratios may
improve differentiation in specific cases, absolute stiffness measurements remain the
preferred parameter for elastographic studies of FLLs (Table 5) [28, 52, 57, 68].

9. Benign liver lesions

Cystic liver lesions are well-defined, avascular, and anechoic on B-mode ultra-
sound, with low stiffness values in elastography. For example, Abdel-Latif et al.
reported stiffness values of 0 for simple cysts [59]. Complicated cysts, such as those
with debris or infection, may mimic solid lesions. Park et al. found complicated cysts
had an Emean of 3.9 + 4.8 kPa, indicating softness compared to liver parenchyma [25].
Similarly, Gad et al. observed an elasticity of 1.48 kPa for inflammatory lesions [27].
Abscesses exhibit a wide stiffness range. Park et al. reported abscesses with an Emean
of 22.13 + 5.14 kPa and a relative ratio (RR) of 4.11 + 3.83, indicating hard lesions [25].
Conversely, Shuang Ming et al. observed low SWV values (<2.22 m/s) in abscesses [43].

Study Year  Type of elastography Numberof = Mean SWEvalue = Mean SWE value
lesions B/M forbenign FLL ~ for malignant FLL
Heide et al. [33] 2010 ARFI - Acuson 62 (38/24) 2.60 + 0.97 m/s 290 +1.16 m/s
S$2000-Siemens
Gallottietal. [48] 2012 ARFI - Acuson 40 (25/25) 2,32 m/s 2,59 m/s
S$2000-Siemens
Frulio et al. [30] 2013 ARFI - Acuson 79 (43/36) 2.53 +0.83m/s 260 +1.15m/s
S$2000-Siemens
Guibaletal. [29]° 2013 2D-SWE - Aixplorer 139 (53/86) 18.53 + 13.5 kPa 26.9 + 18.8 kPa
-Supersonic Imagine
Ronot et al. [45] 2015 2D-SWE - Aixplorer 105 (102/3) 26.7 £ 14 kPa 29.3 +9.7kPa
-Supersonic Imagine
Hasab-Allah. [52] 2017 ElastPQ - Philips-iU22 197 (18/179) 745 + 4.56 kPa 10.71 + 3.81 kPa
Singla et al. [46] ’ 2020 ElastPQ — Philips-iU22 50 (14/36) 3,28 kPa 4,83 kPa
Serag et al. [50]° 2020 ElastPQ - Philips-iU22 110 (28/82) 10.32 + 6.74 kPa 17.23 + 8.25 kPa
Gad etal. [27] 2021 ElastPQ — Philips-iU22 80 (25/54) 5.08 kPa 5.51 kPa

SWE: shear wave elasticity value, B/M: no. of benign FLL/no. of malignant FLL. The difference between Emean of
benign and malignant FLLs were statistically significant but with limited discriminatory effectiveness, low sensitivity,
low specificity and accuracy.

Tables.
Some studies which concluded that elastography is statistically insignificant in distinguishing malignant from
benign FLL.
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Abdel-Latif et al. reported low Emean values of 8.79 kPa for hydatid cysts [59]. Goya
et al. noted that late-stage hydatid cysts and Fasciola hepatica lesions showed high
SWYV values compared to early lesions, ranging from 3.35 to 4.83 m/s [47]. Focal fatty
sparing (FFS) can resemble focal liver lesions (FLLs) but is softer than surrounding
liver parenchyma. Heide et al. reported an SWV of 1.02 + 1.16 m/s for FFS [33], while
Park et al. found an Emean of 15.15 + 11.38 kPa and an RR of 2.3 + 0.77 for FFS [25].
Focal fatty infiltration (FFI) also demonstrates variable stiffness, with studies report-
ing Emean values ranging from 8.5 to 11.2 kPa [50, 59]. Hematomas and scars exhibit
high stiffness values, with Park et al. reporting 31.05 + 1.34 kPa for hematomas and
Guibal et al. recording 52.7 + 4.7 kPa for scars [25, 29].

9.1 Hepatic hemangiomas (HH)

Hepatic hemangiomas (HHs), the most common benign mesenchymal liver
tumors, occur in 10-20% of the population [23]. Composed of endothelial cells, they
appear as hyperechoic or isoechoic, well-circumscribed lesions on ultrasound but
may present heterogeneously with growth or in cases of steatosis or sclerosis. US has
a sensitivity of 96.9% and specificity of 60.3% for diagnosing HHs, but distinguish-
ing them from metastatic lesions or HCCs can be challenging, particularly when they
appear hypoechoic [69]. CDUS often fails to show vascularity due to the slow flow
within HHs, while CEUS reveals characteristic arterial-phase enhancement with no
washout in later phases [1, 69]. Elastography typically shows HHs as soft lesions with
SWYV values of 1.3-1.83 m/s, though some studies report higher values [33, 35, 67].
Variability in stiffness is attributed to structural changes like thrombosis, sclerosis, or
calcification [33, 35, 47]. Studies using 2D-SWE report Emean values ranging from
4.9 to 14.1 kPa for HHs, with higher values noted in cases with histological alterations
[28, 52, 56]. Relative elasticity ratios (RR) for HHs are generally slightly above or com-
parable to surrounding liver tissue [23, 36, 67]. Using SWV cut-offs improves differ-
entiation between HHs and malignant lesions. Davies et al. reported an SWV cut-off
of 1.0 m/s, achieving 97.1% sensitivity and 100% specificity [23]. Similarly, Cho et al.
found a 2 m/s cut-off provided 74% sensitivity and 81% specificity for distinguishing

Figure 1.

An atypical hemangioma lesion in a 43-year-old male patient appearing hypoechoic on B-mode ultrasound
displaying a low Emean stiffness value of 12.5 kPa compared to the normal appearing liver background with
SWE of 5.0 kPa.
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HHs from malignant lesions [44]. Park et al. reported an Emean of 12.91 + 9.42 kPa
and an RR of 2.86 + 2.07 for HHs, supporting SWE’ diagnostic utility [25].

Studies on pediatric HHs show higher Emean values. Wang et al. reported
19.0 + 16 kPa for HHs versus 58.4 + 19.5 kPa for hepatoblastomas, with a 2D-SWE cut-
off of 39.5 kPa achieving 88.1% sensitivity and 86.2% specificity [51, 70]. Ozmen et al.
similarly reported a cut-off of 23.62 kPa to differentiate HHs from hepatoblastomas
and HCCs (Figure1) [71].

9.2 Focal nodular hyperplasia (FNH)

FNH is the second most common benign liver lesion, accounting for 25% of
benign FLLs. It typically appears as a well-circumscribed, iso- or hypoechoic lesion
with a hyperechoic central scar. On CDUS, a spoke-wheel vascular pattern is often
observed [72, 73]. FNH predominantly occurs in young women and may coexist with
HHs (23%) or HAs (3.6%) [72]. On CEUS, FNH displays centrifugal arterial filling
with persistent portal and venous enhancement, achieving sensitivity and specificity
of 80-100% and 85-95%, respectively [72, 73]. FNH typically exhibits the highest
stiffness values among benign FLLs due to fibrotic composition, with Emean values
reported as 33.3 + 12.7 kPa by Ronot et al. [45] and 47 + 31 kPa by Brunel et al. [73],
and SWV values ranging from 2.75 to 3.22 m/s [45, 73, 74]. These values are signifi-
cantly higher than HHs or inflammatory lesions [30, 73, 74]. Factors such as lesion
size (<3 cm) and depth (>8 cm) can reduce measurement accuracy [73, 75].

Differentiation of FNH from HAs, which carry hemorrhage and malignancy risks,
is critical [72]. Guibal et al. reported stiffness values and relative ratios (RR) as effective
markers, with a cut-off of 9.7 kPa achieving 90% sensitivity and 93.7% specificity [29].
Brunel et al. demonstrated 95% diagnostic accuracy using an SWE stiffness cut-off of
18.8 kPa [73]. However, overlapping stiffness values between FNH and HAs, especially
in smaller lesions, remain a challenge [30, 75]. Fibrolamellar HCCs can mimic FNH
but typically show calcifications, invasion, lymphadenopathy, and higher stiffness
values. On imaging, fibrolamellar HCCs exhibit rapid arterial enhancement and venous
washout, with hypointense scars on T2-weighted MRI distinguishing them from hyper-
intense scars in FNH [72]. Stiffness values are significantly higher, with studies report-
ing SWVs up to 2.76 + 1.75 m/s [47, 76]. While SWE enhances diagnostic accuracy,
limitations such as interobserver variability and stiffness overlap necessitate combining
it with modalities like CEUS and MRI, particularly for atypical cases [45, 73, 75].

9.3 Hepatocellular adenoma (HA)

HAs are rare benign liver lesions, most common in young women, with a preva-
lence of 0.05%. They are linked to estrogen exposure, oral contraceptives, and
androgen use. Key risk factors for malignancy include male sex, lesion size >5 cm,
and p-catenin activation. Up to 7% of HAs may progress to HCC, especially large
lesions, but multiple HAs do not increase malignancy risk. Pregnancy increases
bleeding risks, while lesion regression can occur with hormone cessation or meno-
pause [75, 77]. HAs are molecularly classified into subtypes: inflammatory (iHAs),
hepatocyte nuclear factor 1A- mutated (HNFla-mutated), p-catenin-activated, and
Sonic Hedgehog. iHAs (35% of cases) are linked to obesity and vascular congestion,
while HNFla-mutated HAs (35%) are associated with steatosis and lower malignant
potential. f-Catenin-activated HAs (15-20%) have the highest risk of malignancy (up
to 50%) and are often linked to anabolic steroid use [77].

46



Ultrasound Elastographic Features of Focal Liver Lesions: A Review
DOI: http://dx.doi.org/10.5772/intechopen.1009832

On imaging, HAs show fast arterial fill-in with slow washout on CEUS and lack
Kupffer cells, resulting in low hepatobiliary contrast on MRI. Sensitivity and specific-
ity for MRI diagnosis range from 88 to 100%, but biopsy remains crucial for subtype
differentiation [77]. HAs generally exhibit lower stiffness values on SWE compared
to FNH [45, 73, 75]. Guibal et al. reported Emean values of 9.4 + 4.3 kPa, while Ronot
etal. noted 19.7 + 9.8 kPa [29, 45]. These values reflect their pathological similarity
to hepatocytes and lack of biliary ducts or portal spaces [29, 45, 48]. SWE achieves
high accuracy in distinguishing HAs from FNH, with a stiffness cut-off of 18.8 kPa
yielding 95% diagnostic accuracy [73]. Subtype differentiation using SWE is possible,
as iHAs show higher stiffness than HNFla-mutated HAs due to inflammation and
vascular congestion [30, 45]. Ronot et al. found mean stiffness values of 24 + 8 kPa
for iHAs and 11.8 + 7.7 kPa for HNFla-mutated HAs, with AUROCs of 0.88 and 0.95,
respectively [45]. However, other studies, such as Taimr et al., reported significant
overlaps in stiffness values, particularly in smaller or regressed lesions, cautioning
against sole reliance on SWE for diagnosis [75].

9.4 Cirrhotic (regenerative and dysplastic) nodules

Cirrhotic nodules (regenerative nodules (RNs) and dysplastic nodules (DNs))
often exhibit increased stiffness values overlapping with HCCs leading to diagnostic
challenges [7, 33, 43, 57, 74, 78]. Zhang et al. reported SWV values of 2.48 + 0.64 m/s
for RNs [7]. According to the study by Lu et al., a stiffness ratio of 0.7 effectively
differentiated cirrhotic nodules from benign lesions with an AUROC 0.86, surpassing
the performance of absolute stiffness values of 8 kPa with an AUROC of 0.53 [57]. Li
et al. showed that stiffness cut-off (9.8 kPa), stiffness difference (<1 kPa), and ratio
(1.2) distinguished small HCCs from cirrhotic nodules with sensitivities of 62, 96,
and 82% and specificities of 83, 50 and 90% respectively. Adding alpha-fetoprotein
(AFP) improved diagnostic sensitivity to 100% with a balanced specificity [78].
Gheorghe et al. identified blue color intensity on sonoelastography maps (cut-off
128.9; AUROC 0.94) and hypervascularity on Doppler ultrasound as key predictors of
HCC compared to cirrhotic nodules [54].

10. Malignant lesions of the liver
10.1 Hepatocellular carcinoma (HCC)

SWE is widely used for assessing fibrosis, portal hypertension, and steatosis in
chronic liver disease, providing insights into HCC risk. Patients with liver stiffness
>10 kPa have a fourfold higher risk of HCC, emphasizing the importance of sur-
veillance [37, 79]. On CEUS, HCCs typically show arterial hyperenhancement and
late-onset washout, but well-differentiated HCCs may deviate from this pattern,
complicating diagnosis, especially for smaller nodules [37].

Most HCCs exhibit higher absolute and relative stiffness compared to benign
lesions, with ARFI values ranging from 2.1 to 3.4 m/s, ElastPQ from 4.9 to 25.4 kPa, and
2D-SWE from 14.8 to 61.8 kPa [24, 25, 29, 60]. However, some HCCs may appear soft,
with stiffness values overlapping with benign lesions such as RNs or HHs [7, 30, 48]. In
cases of cirrhosis, HCCs may exhibit stiffness similar to the fibrotic liver, complicating
differentiation [47, 57]. Studies by Akdogan et al. and Gallotti et al. noted that some
HCCs had relative ratios (RR) <1, reflecting heterogeneity and fibrosis variability in
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surrounding parenchyma [48, 74]. Relative stiffness ratios can aid in differentiating
HCCs from metastatic cancers but are less reliable for distinguishing HCCs from benign
lesions. Ghiuchici et al. observed that all 88 HCCs in their study were softer than the
surrounding parenchyma, with a shear wave velocity (SWV) value of 2.16 + 0.75 m/sand
arelative ratio (RR) of 1.33 + 0.66. The addition of SWE findings enhanced the diag-
nostic accuracy of CEUS, particularly in the 23.9% of HCC lesions that did not display
a typical enhancement pattern [37]. Using RR of <1, Guibal et al. reported sensitivity,
the specificity, the negative predictive value and the positive predictive value of 65, 93,
92 and 68% respectively for the diagnosis of HCC [29]. Dong et al. reported that RR
cut-off value of 1.67 and an elasticity value of 2.06 m/s was significant in differentiating
HCC from benign lesions [34]. But in the study by Park et al., RR of 3.76 did not help to
differentiate HCC from benign lesions while absolute stiffness values did [25]. Tian et al.
[24] and Guo et al. [67] reported similar observations [24, 67]. In the study by Lu et al.,
HCC lesions exhibited higher stiffness compared to benign lesions. Absolute stiffness
values outperformed the relative stiffness ratio for distinguishing HCC from benign
lesions, achieving an AUROC of 0.86 compared to 0.69. However, the stiffness ratios
were valuable in differentiating HCC from metastatic cancers, with an AUROC of 0.71.
Neither stiffness values nor stiffness ratios were effective in differentiating CCC from
HCC. Authors observed significant peritumoral stiffness variation around the lesion,
exceeding the intratumoral stiffness variability. Measurements taken 2 cm away from the
lesion demonstrated less variability and were more reliable for diagnostic purposes [57].
HCCs may arise in non-cirrhotic livers due to nonalcoholic fatty liver disease
(NAFLD), metabolic syndrome, viral infections or hereditary conditions. These
HCCs often exhibit lower stiffness due to reduced fibrosis and ECM changes.
Steatohepatitic and clear cell HCCs, for example, show softer stiffness due to high
lipid or glycogen content. Conversely, aggressive subtypes like scirrhous or fibrola-
mellar HCCs exhibit higher stiffness due to fibrosis or mesenchymal changes [80].
Treatments such as sorafenib or transcatheter arterial chemoembolization (TACE)
or transcatheter radioembolization (TARE) can alter tumor stiffness. Cell death
and ischemia may reduce stiffness in tumor cores, while fibrosis and calcifications
increase stiffness in peripheral regions [81]. Ablative therapies can stiffen tumors, but
residual softer regions may indicate viable tumor areas [82-88]. Goya et al. reported

Figure 2.
Multifocal hepatocellular carcinoma in a 74-year-old female with velatively low stiffness values (Emean:14.6 kPa)
in a velatively normal background liver tissue.
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post- radiofrequency ablation (RFA) HCCs with high stiffness values [47]. HCCs

are generally softer than metastatic lesions or cholangiocarcinomas (CCCs), though
exceptions exist due to pathological variability. Studies by Hasab-Allah et al. and Lu

et al. showed that relative stiffness ratios outperformed absolute values in distinguish-
ing HCCs from metastases [52, 57], while others reported overlapping stiffness values
across malignant lesions (Figure 2) [38, 47].

10.2 Intrahepatic cholangiocarcinoma (ICC)

ICC is the second most common primary liver tumor, accounting for 15-20% of
cases [89]. While cirrhosis and hepatitis B/C infections are shared risk factors with
HCC, cirrhosis is more strongly linked to HCC [67]. Elastography combined with
CEUS can help differentiate ICC from HCC, though biopsy is often required for con-
firmation [49]. ICC is typically stiffer than HCC, with reported ARFI values ranging
from 1.65 to 3.9 m/s [25, 26], ElastPQ values approximately 6.8-32 kPa [27, 50], and
2D-SWE values up to 96.2 kPa [24]. The increased stiffness is attributed to fibrotic
tissue within ICC [25, 89]. However, ICCs in cirrhotic livers may present with lower
stiffness than the surrounding parenchyma, as noted by Gad et al., who reported an
Emean of 6.4 kPaand an RR of 0.56 for four ICCs [27].

Most studies report that ICC exhibits higher stiffness than HCC, with cut-offs aid-
ing differentiation. Gerber et al. achieved 81% sensitivity and 71% specificity using
a cut-off of 61.3 kPa [38], while Guibal et al. reported 92.3% sensitivity and 85.7%
specificity at 27.5 kPa [29]. However, overlap in stiffness values between ICC and
HCC has been observed in some studies [25, 47]. Ainora et al. used a multiparametric
ultrasound (MP-US) approach, incorporating CEUS and SWE, to differentiate ICC
from HCC. ICCs demonstrated higher stiffness (47.1 + 14.4 kPa vs. 35.7 + 13.8 kPa).
Their predictive model achieved 92% sensitivity and 93% specificity [49]. A meta-
analysis by Mohebbi et al. that included 18 studies and 1057 patients revealed Emean
values of 28,3 kPa for 863 HCC lesions and 44.0 kPa for 188 ICC lesions. ICC lesions
were 34.3% stiffer than HCCs, while surrounding parenchyma was 75% stiffer in
HCC. The combined sensitivity and specificity for differentiation were 87 and 82%,
with an AUROC of 0.90 [89]. Conversely, Lu et al. found no clear distinction between

Figure 3.
A cholangiocarcinoma lesion in a cirrhotic female patient exhibiting variant heterogenecity and centval cystic
necrotic changes. Emean is 28.5 kPa.
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HCC and ICC using SWE due to overlapping stiffness values, though SWE effectively
differentiated malignant from benign lesions (Figure 3) [57].

10.3 Metastatic lesions

Metastatic lesions exhibit high stiffness values which can sometimes overlap with
CCC. Gallotti et al. [48] reported a mean SWV of 2.87 + 1.13 m/s [51], while Frulio et al.
[30] and Akdogan et al. observed higher values of 3.0 + 1.35 m/s and 3.59 + 0.51 m/s,
with breast cancer metastases being the stiffest [30, 48, 74]. Although metastatic lesions
generally have higher stiffness than HCC, Choong et al. found no significant difference,
with mean Emean values of 51.45 kPa for HCC and 49.89 kPa for metastases. A cut-off
of 18.25 kPa effectively differentiated malignant FLLs from normal liver tissue [38].
Abdel-Latif et al. noted colon cancer metastases were softer than breast cancer [59], and

Figure 4.
Hypoechoic metastasis from invasive ductal carcinoma of the breast in the left lobe of the liver displaying very
high stiffuness values (Emean: 40.7 kPa,).
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Figure 5.
Diagnostic flowchart for ultrasound elastography of focal liver lesions.
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Guibal et al. reported neuroendocrine metastases were stiffer than adenocarcinomas
[29]. Relative stiffness ratio (RR) has been more effective than absolute stiffness in dis-
tinguishing metastases from primary liver tumors. Lu et al. achieved an AUROC of 0.71
using RR [49], while Dong et al. found an RR cut-off of 1.67 offered greater accuracy
than absolute stiffness values in differentiation of HCC from metastatic lesions [56].
These findings highlight the diagnostic value of RR in this context (Figures 4 and 5).

11. Utilization in ablative therapies

Successful tumor ablation requires complete tumor coverage in a single session,
as incomplete ablation increases recurrence risk [6, 83]. CEUS is commonly used
intra-procedurally to detect residual tumors, identified by contrast uptake. However,
CEUS?s availability, cost, and software requirements can limit its use. Contrast-
enhanced CT and MRI, typically performed a month later due to delayed perilesional
hyperemia resolution, can delay further treatment [6, 83]. SWE, especially 3D-SWE,
has emerged as a real-time alternative for assessing ablation. By measuring tissue
stiffness changes post-ablation, SWE identifies ablated zones, with stiffness high-
est centrally (59.1 kPa), decreasing toward transitional (13.1 kPa) and normal tissue
zones (4.3 kPa). A cut-off of 13.1 kPa differentiates viable from ablated tissue [21].
Bo et al. showed SWE effectively visualizes ablation zones, correlating with ablation
specimens. These stiffness changes persist, enabling immediate treatment evaluation
without waiting weeks for hyperemia resolution [83-85].

Liver stiffness assessment can predict prognosis and HCC recurrence. Stiffness
values >13 kPa are linked to poor outcomes. Lee et al. found 2D-SWE stiffness >13.3 kPa
associated with poorer survival in 134 patients undergoing RFA [86]. Yoon et al. identi-
fied ARFI and TE cut-offs (1.6 m/s and 14.0 kPa) linked to higher recurrence risks, with
sensitivities and specificities of 65.2-84.3% [87]. Liver stiffness >11.75 kPa increases
liver failure risk post-resection, favoring alternative therapies like TARE or TACE for
high-risk patients [90]. Praktiknjo et al. observed that baseline stiffness >17.5 kPa in
responding HCC lesions predicted higher non-target recurrence risk (sensitivity 100%
and specificity 83.3%). Elevated HCC stiffness may indicate aggressive behavior and
neoangiogenesis, although liver stiffness showed no such correlation [88].

12. Guidance and assistance to biopsy of focal lesions

Stiffness values, which reflect the pathological composition of tissues, can guide
biopsies to the most active and viable areas of a lesion, avoiding cystic or necrotic
regions and thereby improving the diagnostic accuracy of the biopsy sample. In cases of
focal liver lesions (FLLs) with ambiguous stiffness values near the malignancy cut-off,
a biopsy may be warranted for definitive diagnosis. Additionally, persistent stiffness in
a malignant lesion following ablative, systemic, or intra-arterial therapies may indicate
the need for a biopsy to assess recurrence or inadequate treatment response [82, 88].

13. Role of Al in SWE of FLLs

AT has the capability to analyze and interpret vast amounts of data, offering the
potential to refine cut-off values and suggest specific diagnoses. Advanced techniques
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such as radiomics, segmentation, and machine learning can detect subtle changes that
are imperceptible to the human eye. Automated reports can be generated from complex
calculations, and stiffness data can be seamlessly integrated with other diagnostic
studies for more precise results. By reducing user-related biases, artifacts, and interob-
server variability, Al enhances the reliability of elastography. Acting as a “virtual touch
biopsy,” Al can estimate the likelihood of malignancy, monitor stiffness trends over
time to provide prognostic insights, and assess therapy response, flagging lesions that
are unresponsive to treatment for further evaluation [4]. An example is in the study by
Wang et al. who used radiomics analysis in SWE evaluation of 175 FLLs and improve-
ment in diagnostic accuracy is noted compared to conventional stiffness analysis with
an AUROC of 0.94 to 0.92 respectively [5]. Another example is the study by Shen et al.,
which evaluated 262 patients using a non-invasive predictive nomogram based on train-
ing and test set data derived from the combination of Sonazoid CEUS and Sound Touch
Elastography (STE). The nomogram incorporated variables such as ALT levels, arterial
phase hyperenhancement (APHE), Kupffer phase enhancement, and lesion stiffness.
The nomogram demonstrated excellent performance, achieving an AUROC of 0.988,
with sensitivity and specificity of 94.6 and 95.2%, respectively, in the test set [91].

14. Emerging technologies

Tissue scatterer distribution imaging (TSI) is an innovative ultrasound technology
that mathematically analyzes the distribution of backscattered signals, focusing on tis-
sue microstructure and heterogeneity. Unlike conventional methods, TSI is highly reli-
able for image capture and is unaffected by factors such as lesion size, depth, or motion
artifacts, as it primarily depends on image quality and signal-to-noise ratio. In a study by
Chen et al., on differentiation of 61 benign and 204 malignant FLLs, median TSI values
were significantly lower for malignant lesions (0.62) compared to TSI of benign lesions
(0.74) and with a cut-off value of 0.67, TSI achieved an AUROC of 0.78-0.83 compared
to 0.84 for SWE highlighting its potential as a complementary technology [92].

Shear Wave Dispersion Imaging (SWDI) measures tissue viscoelastic properties by
analyzing the attenuation of propagating shear waves. Unlike SWE, which focuses on
stiffness, SWDI assesses viscosity, tissue fluidity, inflammation, necrosis, and cellular
composition. SWDI is expressed as frequency-dependent dispersion (m/s/kHz).
SWDI and SWE are complementary studies, offering unique insights into malignancy
potential and prognostic behavior of FLLs. Dong et al. studied 58 patients using
the Canon Aplio i900 ultrasound system and reported significantly higher viscos-
ity values in malignant lesions (14.79 + 3.15 m/s/kHz) compared to benign lesions
(13.36 + 2.76 m/s/kHz). With a viscosity cut-off of 13.15 m/s/kHz, SWDI achieved a
sensitivity of 83.3% and specificity of 56.5%, with an AUROC of 0.71. Among malig-
nant lesions, metastatic tumors had the highest viscosity values [93].

SWDI is less effective than SWE for diagnosing severe fibrosis and cirrhosis,
showing stronger correlations with necroinflammatory changes rather than steatosis.
For liver fibrosis staging, a cut-off value of 12.7 m/s/kHz was identified in a study
involving 210 HCC patients who underwent liver resection [94]. Schulz et al. com-
pared 2D-SWE, SWDI, and Attenuation Imaging (ATI) in 22 patients with primary
biliary cholangitis (PBC) in a pioneering study, and they found that 2D-SWE sig-
nificantly correlated with fibrosis markers such as platelet count, spleen length, and
fibrosis scores, while SWDI correlated with alkaline phosphatase, a key prognostic
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marker in PBC, with a median value of 13.9 m/s/kHz. ATI, however, which quantifies
liver steatosis, showed no significant correlation [95].

15. Conclusions

In conclusion; SWE is a helpful diagnostic and prognostic tool in the evaluation
and management of liver lesions, particularly in differentiation of FNH from HA and
in differentiation of malignant lesions such as HCC and CCC. Its ability to quanti-
tatively assess tissue stiffness provides critical insights into disease severity, risk of
malignancy, and treatment response. While SWE’s diagnostic accuracy is enhanced
when combined with other modalities like CEUS. The variability in stiffness values,
influenced by tumor composition, surrounding tissue, and therapeutic interven-
tions, highlights the complexity of liver pathology and the importance of integrating
multiple diagnostic parameters. SWE’ role in liver imaging continues to evolve, with
future implementation of Al imaging, SWE will be offering valuable real-time guid-
ance in personalized patient management and treatment planning.
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Appendices and nomenclature

FLLs Focal liver lesions

CT Computed tomography

MRI Magnetic resonance imaging

PET-CT Positron emission tomography computed tomography

Us Ultrasound

CEUS Contrast-enhanced ultrasound

SWE Shear wave elastography

ECM Extracellular matrix

EFSUMB European Federation of Societies for Ultrasound in Medicine
and Biology

WFUMB World Federation for Ultrasound in Medicine and Biology

SE Strain elastography

ETLT Elasticity type of liver tumor

TE Transient elastography

ARFI Acoustic radiation force impulse

1D-SWE One dimensional shear save elastography

VTI Virtual touch imaging

p-SWE Point SWE

ROI Region of interest

2D-SWE Two dimensional SWE

m/s Meter per second

kPa KiloPascals

3D-SWE Three dimensional SWE

vTQ Virtual touch quantification
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CNs
HAs
CCCs
HCCs
CDUS
PD-1
AUROC
E-SD
RR
FFS
FFI
iHAs
HNFloa-mutated
RNs
DNs
AFP
NAFLD
TACE
TARE
RFA
ICC
MP-US
STE
APHE
TSI
SWDI
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Chapter 4

Practical Applications of EUS
Elastography: Evidence and
Challenges

Anant Gupta and Sandeep Nijhawan

Abstract

Conventional B-mode endoscopic ultrasound (EUS) imaging may not be suf-
ficient to accurately delineate the lesion’s character, and thus, endoscopic ultrasound
elastography complements it by visualising the elastic properties of a tissue in focus.
Different pathologies, such as inflammation, fibrosis, and malignancy, produce vari-
ous alterations in the tissue architecture, which brings about a change in its stiffness;
this forms the basis of elastography. EUS elastography began with qualitative features,
but now the focus is shifting to the use of more objective and reproducible quantita-
tive parameters. EUS-strain elastography (EUS-SE) and EUS-shear wave elastography
(EUS-SWE) are being used for diagnosis and characterisation of lesions. Researchers
are evaluating and standardising it for usefulness in various diseases such as pan-
creatic solid lesions, pancreatitis (acute/chronic/autoimmune), lymph nodes, and
gastrointestinal and subepithelial lesions.

Keywords: elastography, endoscopic ultrasound, quantitative elastography,
strain elastography, pancreatic solid lesion

1. Introduction

Elastography is a method used to measure the stiffness of different tissues
[1]. It is available as an integrated software in most endoscopic ultrasound (EUS)
machines, using either qualitative or quantitative methods. This technology
complements the standard B-mode imaging and permits the analysis of tissue
stiffness and changes which can be associated with various pathologies, including
malignancy. It has fair accuracy in distinguishing benign from malignant lesions
(elastography is more helpful in excluding malignancy rather than for confirming),
primarily in the pancreas and lymph nodes. EUS elastography is of use when the
area of interest is not accessible by needle/there is a contraindication for needling.
It may also reduce the requirement for EUS-guided needling of the suspected
lesions, and also helps in guiding the biopsy to areas with the highest suspicion of
malignancy.
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2. About EUS elastography

EUS elastography-stiffness measurement is assessed using either a qualitative
(strain elastography) or a quantitative method (strain ratio (SR), strain histogram
technique, EUS-shear wave measurement (SWM)). Until a few years back, pre-
dominantly strain elastography was being used, which uses colour scales to reveal
tissue hardness. The disadvantage of this is its inability to quantify tissue hardness
and its inability to compare its findings with others. On the contrary, shear-wave
velocity (Vs) helps to assess the absolute tissue hardness. Hard tissues show
higher Vs. The use of EUS elastography in routine practice is evolving, but it lacks
high diagnostic accuracy, especially due to the predominant focus on qualitative
methods, which have poor reproducibility and the absence of definitive diagnostic
cut-offs.

3. Clinical applications of EUS elastography

All these years, indications have been expanding for the application of EUS-guided
elastography. However, two predominant areas of use are for the evaluation of solid
pancreatic lesions and enlarged lymph nodes.

3.1 Pancreatic diseases

EUS, now, is an unavoidable modality for the diagnosis and staging of pancreatic
lesions. However, the capability of conventional B-mode EUS to differentiate between
benign and malignant pancreatic lesions is sub-optimal in certain clinical scenarios
[2, 3]. Along with clinical examination, laboratory parameters, and radiologic
imaging, EUS elastography use is complementary during the evaluation of pancreatic
diseases. Elastography can help us in the diagnosis of pancreatic masses, whereas
there is still limited literature regarding its use in pancreatitis.

3.1.1 Assessment of solid pancreatic lesions

Solid pancreatic lesions require accurate assessment, for which EUS elastography
is helpful. It was in 2006 that the first study of EUS elastography in pancreatic solid
lesions was published [4]. Since then, elastography patterns have been put forward.
Even though, these patterns are not pathognomonic, but they are helpful, when there
is a clear demarcation from the healthy pancreatic parenchyma (usually of a homog-
enous green colour).

Qualitative EUS elastography patterns are.

* Homogeneous green pattern (suggests normal pancreatic parenchyma).

* Inflammatory pancreatic lesions have a heterogeneous, mostly green shade with
subtle red and yellow colours.

* Malignant lesions appear heterogeneous, blue pattern with small green and red
areas (Figure1).

* Pancreatic neuroendocrine malignant lesions typically have a homogeneous blue
pattern [5].
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Figure 1.
Qualitative EUS elastography of pancreatic adenocarcinoma shows a predominant blue pattern, and softer
(green area) vepresents a necvotic component.

Different studies have shown different accuracy [6]; there are situations where it
is difficult to perform an adequate elastography evaluation - large lesions (>35 mm),
lesions at a considerable distance from the transducer, and lesions with fluidic
contents (ducts or blood vessels) in the region of interest (ROI). Sophistication and
refinement of the software will probably solve these issues.

Using the quantitative assessment, SR of lesion of interest is compared to the
SR of the surrounding pancreatic tissue and is apparently much more informative
than the conventional qualitative assessment. Higher SR depicts higher chances of
malignancy (Figure 2) and lower strain histograms than the normal parenchyma
[7]. It has been recommended that strain ratio > 10 or strain histogram level < 50
be used to classify lesions as malignant with 100% sensitivity and 92.3% specificity
(Table1) [9].

Various meta-analyses have assessed the efficacy of EUS elastography for iden-
tifying malignancy in pancreatic lesions. It has been found to have high sensitivity
(~95%) but has a low specificity (~70%) (Tables 2 and 3) [12-15].

Figure 2.
Pancreatic lesion on which shear-wave elastography has been applied shows shear-wave velocity of 2.6 and kPa
(kilopascal) of 20.1.

67



Elastography — Curvent Insights and Applications

Stiffness Malignant potential
Qualitative Elastography (patterns)
Blue homogeneous Hard Yes
Blue heterogeneous Hard Yes
Green Heterogeneous Intermediate No
Green Homogenous Intermediate-soft No
Heterogeneous green/blue with no predominance Intermediate-hard Undetermined
Quantitative Elastography
Strain Ratio > 10 Hard Yes
Strain Ratio < 10 Intermediate No
Strain Histogram >150 Intermediate-soft No
Strain Histogram 50-150 Intermediate No
Strain Histogram <50 Hard Yes
Source: Ref. [8].
Table1.
Meaning of EUS-guided elastographic evaluation.
Author Year Sensitivity (%) Specificity (%)
Iglesias-Garcia et al. 2009 100 85
Opacicetal 2015 98 50
Okasha etal. 2017 98 77
Kataoka et al. 2021 94 23
Puga-Tejada etal. 2022 94 96
Table 2.
Studies assessing the accuracy of EUS-guided elastography in pancreatic lesions.
Author Sensitivity (%) Specificity (%)
Iglesias-Garcia et al. [10] use of qualitative assessment 100 85
Iglesias-Garcia et al. [11] use of quantitative assessment 100 92
Table 3.

Comparing use of qualitative and quantitative assessment.

Smaller lesions are challenging for appropriate sampling due to their size. Due to
its high negative predictive value in diagnosing malignancy, EUS elastography is of
some help when evaluating small tumours of the pancreas [16]. Using elastography to
focus on hard lesions (seen as blue spots) inside the mass-forming chronic pancreati-

tis (CP) and guide the sampling area is another benefit.

Yamada et al. demonstrated a potential role of elastography in the staging of

pancreatic cancer (PC), mainly for vascular compromise [17].
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3.1.2 Targeted biopsy

EUS elastography using qualitative application is also useful to detect and
focus on harder areas of a particular lesion of interest and helps us to target our
sampling needle during EUS-FNA (fine needle aspiration) or fine needle biopsy
(FNB). Using this helps us to perform the sampling of the most suitable area,
which usually is the blue portion (denoting the presence of a hard lesion; the
softer appearing area can probably be necrotic debris) [18]. Overall, there is a
94% diagnostic accuracy of EUS-elastography-guided FNA. It has a 93% sensitiv-
ity and 100% specificity for diagnosing malignancy [19]. No large trials compar-
ing EUS-FNA/FNB with and without elastography guide are available. Use of
elastography is definitely helpful but not mandatory.

3.1.3 Chronic pancreatitis

Chronic pancreatitis (CP) on routine qualitative EUS elastography shows a pre-
dominantly green colour pattern with smaller blue and/or red areas [5]; it is still not
pathognomonic for any specific disease. On the other hand, semiquantitative elastog-
raphy, using histograms or shear waves, helps in the interpretation of the elastography
findings.

Higher SR increases the probability of exocrine pancreatic insufficiency and thus
elastography also helps in establishing the severity of CP [20]. Using the exocrine
pancreatic function tests (ePFTs) as a gold standard, EUS-guided elastography
yielded a diagnostic accuracy of 93.4% for CP [21].

Literature shows a positive relationship between pancreatic stiffness (PS) values
measured through EUS-SWM value and exocrine/endocrine dysfunction in CP
(Table 4) [23, 24].

Shear-wave velocity (2.98 m/s) was consistent with CP and the results were
significantly higher than those found for normal tissue (1.52 m/s). SWE value had a
good linear correlation with the grade of Rosemont classification, whereas the value
of strain elastography did not help [23].

Although the diagnostic cut-offs are indistinct, EUS elastography is a promising
modality to evaluate pancreatitis. More large-volume research studies will provide
clarity and help us improve the diagnostic accuracy.

Age-related changes in the pancreas (appear similar in B-mode to that described
for CP) and real CP can also be distinguished using elastography. Studies reveal,
despite the age-related hardness in pancreas, on quantitative elastography CP appears
harder [25].

Author Sensitivity (%)  Specificity (%) Findings
Janssen et al. [5] 65 56 EUS elastography’s diagnostic performance in
diagnosis CP
Yamashita et al. 83 100 Diagnostic performance of cut-off value of 1.96
[22] pancreatic stiffness in diagnosing CP
Table 4.

Studies on chronic pancreatitis using EUS elastography.
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3.1.4 Acute pancreatitis

The application of PS in the evaluation of acute pancreatitis is scarce. No conclu-
sive literature is available to help either in the diagnosis or in the stratification of the
severity of acute pancreatitis.

3.1.5 Autoimmune pancreatitis

Autoimmune pancreatitis (AIP) is less common and is underdiagnosed. It hasa
wide spectrum of radiological features. When there is a focal mass-like lesion, it can
be easily confused with pancreatic cancer (PC). This diagnostic dilemma could lead
to unnecessary surgery. On elastographic assessment, there is increased hardness in
the tumoral area, whereas the entire pancreas appears homogenously stiff in AIP. It
thus helps us in differentiating PC from AIP [26].

Normal pancreas appears homogenously green on qualitative elastography, while
in AIP, the inflamed pancreatic parenchyma appears mainly green with some smaller
areas of red or yellow [5]. However, this is not a consistent feature and is not a reliable
pattern to diagnose AIP.

There is no reliable cut-off for diagnosis of AIP, nor there is consensus in differen-
tiating features between focal AIP and PC on quantitative SWE elastography [27].

As of today, elastography is not a mandatory investigation in diagnosing AIP, nor it is
a useful stand-alone test to differentiate between PC and focal AIP. However, serial imag-
ing when utilised with EUS elastography and FNB will help us in establishing a diagnosis.

3.2 Lymph nodes

Several researchers have shown the usefulness of EUS-guided elastography in the
evaluation of lymph nodes (LN). A green pattern on elastography is 100% likely to be
benign (Figure 3), whereas a predominant blue pattern (Figure 3) is 92% likely to be
malignant histology. With mixed patterns on elastography, the likelihood of malig-
nant histology becomes 50% [4, 28-30].

One meta-analysis of seven studies revealed that EUS-guided elastography is an
encouraging, non-invasive modality for differentiating high-risk LNs. It will be a
useful complementary technique to EUS-guided sampling [31].

Figure 3.
Quantitative EUS elastography of a lymph node, with a blue predominant pattern, corresponding to a malignant
lymph node.
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3.3 Gastrointestinal lesions

While evaluating subepithelial lesions, we must differentiate gastrointestinal
stromal tumours (GIST) from other mesenchymal lesions such as schwannoma or
leiomyoma. Although EUS-guided sampling has demonstrated good accuracy, but
sampling small lesions is difficult and, at times, unfruitful [32]. For the diagnosis of
such lesions, imaging-based differentiation using EUS elastography might help.

There is no consensus but, according to some researchers, GIST appears asa
“hard” tissue when compared to other subepithelial lesions like ectopic pancreas and
lipoma [33].

On the other hand, some researchers found it difficult to distinguish GIST from
benign leiomyoma [34]. There is a need for further research on whether EUS-guided
elastography will be useful in this field.

4. Transrectal EUS elastography

Transrectal EUS elastography is utilised for the diagnosis and assessment of rectal
malignancy, inflammatory bowel disease, pelvic floor dyssynergia and prostate
malignancy.

Transrectal elastography helps to differentiate between benign and malignant rec-
tal tumours. Quantitative elastography using the SR distinguished between adenomas
and adenocarcinomas with a sensitivity of 93%, specificity of 96%, and accuracy of
94% [35, 36].

The rectal wall thickness assessed using strain ratio by EUS elastography has been
investigated for evaluation of inflammatory bowel disease and if it reliably helps
differentiate Crohn’s disease and ulcerative colitis. Higher strain ratios were seen in
Chron’s disease as compared to controls and ulcerative colitis patients [37].

Elastography is worthier than transrectal EUS alone for establishing the diagnosis
of prostatic malignancy, and it increases the accuracy of sampling by focusing on
harder areas which have a high degree of malignancy suspicion [38-41].

In pelvic floor dyssynergia, EUS elastography did not show any significant correlation
between the patients’ assessment, clinical parameters, and the anal sphincter [42, 43].

5. Liver elastography

Liver biopsy is a gold standard technique for the assessment of fibrosis, but it
is an invasive method and can have complications. So, gradually, transabdominal
ultrasound transient elastography (TUS-TE) came to our rescue, but in patients with
ascites or obesity, it may not be reliable. Endoscopic ultrasound elastography is more
sensitive than TUS-TE for determining liver fibrosis and detecting liver lesions. EUS
elastography assesses more areas of the liver and with better diagnostic efficacy [44].

6. Other indications

EUS-guided elastography may be utilised to evaluate solid adrenal lesions by
distinguishing adenomas from metastases. Assessment of liver fibrosis and differenti-
ating benign from malignant liver lesions are probable, possible uses [45].
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7. Pitfalls of EUS elastography

No modality is without limitation. The elastographic assessments are observer-
dependent due to selection bias for ROI. Secondly, there is endoscopist’s inability to
control and manage tissue compression, which is another factor. Another limitation
is the artefacts caused by other organs (e.g. in smaller spaces like mediastinum, or the
presence of cysts, vessels etc) and limited depth of visualisation.

8. Conclusions

EUS-elastography is a risk-free, high-quality tool that complements the findings
from B-mode EUS imaging. It is capable of differentiating fibrotic/inflammatory
tissues from malignant lesions. It helps to differentiate benign and malignant solid
pancreatic lesions with high accuracy, as well as normal pancreas from early CP. The
simultaneous use of EUS elastography with FNA and contrast-enhanced EUS is likely
to improve the accuracy of the diagnosis [19].

Further research is required to standardise the evaluation method, increase the

repeatability and establish definitive values to decide between benign and malignant
lesions.

Author details

Anant Gupta™* and Sandeep Nijhawan’

1 Gastroenterologist, Fortis Escorts Hospital, Jaipur, India

2 Gastroenterologist, Mahatma Gandhi Medical College, Jaipur, India
*Address all correspondence to: dranantg@gmail.com

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

72



Practical Applications of EUS Elastography: Evidence and Challenges

DOI: http://dx.doi.org/10.5772/intechopen.1008476

References

[1] Tolunay HE, Eroglu H, Celik OY,
Arat O, Obut M, Varli EN, et al. Can
placental elasticity predict the time of
delivery in cases of threatened preterm
labor? The Journal of Obstetrics and

Gynaecology Research. 2021;47:606-612.

DOI: 10.1111/jog. 14570

[2] Iglesias-Garcia J, Lindkvist B,
Larifio-Noia ], Dominguez-Mufioz JE.
The role of EUS in relation to other
imaging modalities in the differential
diagnosis between mass forming chronic
pancreatitis, autoimmune pancreatitis
and ductal pancreatic adenocarcinoma.
Revista Espaifiola de Enfermedades
Digestivas. 2012;104:315-321

(3] van Huijgevoort NCM, Del
Chiaro M, Wolfgang CL, van
Hooft JE, Besselink MG. Diagnosis
and management of pancreatic
cystic neoplasms: Current evidence
and guidelines. Nature Reviews.
Gastroenterology and Hepatology.
2019;16:676-689

[4] Giovannini M, Hookey LC, Bories E,
Pesenti C, Monges G, Delpero JR.
Endoscopic ultrasound elastography:
The first step towards virtual biopsy?
Preliminary results in 49 patients.
Endoscopy. 2006;38:344-348

[5] Janssen J, Schlorer E, Greiner L. EUS
elastography of the pancreas: Feasibility
and pattern description of the normal
pancreas, chronic pancreatitis, and focal
pancreatic lesions. Gastrointestinal
Endoscopy. 2007;65:971-978.

DOI: 10.1016/j.gie.2006.12.057

[6] Iglesias-Garcia J, Larino-Noia J,
Abdulkader I, Forteza J, Dominguez-
Munoz JE. EUS elastography for the
characterization of solid pancreatic
masses. Gastrointestinal Endoscopy.
2009;70:1101-1108

73

[71Ying L, Lin X, Xie ZL, Hu YP, Tang KF,
Shi KQ. Clinical utility of endoscopic
ultrasound elastography for identification
of malignant pancreatic masses: A meta-
analysis. Journal of Gastroenterology

and Hepatology. 2013;28:1434-1443,

DOI: 10.1111/jgh.12292

[8] Iglesias-Garcia J,

de la Iglesia-Garcia D, Larifio-Noia J,
Dominguez-Muiioz JE. Endoscopic
ultrasound (EUS) guided elastography.
Diagnostics. 2023;13:1686. DOI: 10.3390/
diagnostics13101686

[9] Iglesias-Garcia J, Lindkvist B,
Larifio-Noia J, Abdulkader-Nallib I,
Dominguez-Muiioz JE. Differential
diagnosis of solid pancreatic masses:
Contrast-enhanced harmonic (CEH-
EUS), quantitative-elastography
(QE-EUS), or both? United European
Gastroenterology Journal. 2017;5:236-246

[10] Iglesias Garcia J, Larino

Noia ], Dominguez Munoz JE.
Endoscopic ultrasound in the diagnosis
and staging of pancreatic cancer. Revista
Espanola De Enfermedades Digestivas
[Online]. 2009;101(9):631-638. ISSN
1130-0108

[11] Iglesias-Garcia J, Larino-Noia J,
Abdulkader I, FortezaJ,
Dominguez-Munoz JE. Quantitative
endoscopic ultrasound elastography: An
accurate method for the differentiation
of solid pancreatic masses.
Gastroenterology. 2010;139(4):1172-
1180. DOI: 10.1053/j.gastro.2010.06.059.
Epub 2010 Jun 27

[12] Hu DM, Gong TT, Zhu Q.
Endoscopic ultrasound elastography

for differential diagnosis of pancreatic
masses: A meta-analysis. Digestive
Diseases and Sciences. 2013;58:1125-1131



Elastography — Current Insights and Applications

(13]LuY, Chen L, Li C, Chen H,

Chen J. Diagnostic utility of endoscopic
ultrasonography-elastography in the
evaluation of solid pancreatic masses:
A meta-analysis and systematic

review. Medical Ultrasonography.
2017;19:150-158

[14] Mei M, Ni ], Liu D, Jin P, Sun L.
EUS elastography for diagnosis of
solid pancreatic masses: A meta-
analysis. Gastrointestinal Endoscopy.

2013;77:578-589

[15] Zhang B, Zhu F, Li P, Yu S,

Zhao Y, Li M. Endoscopic ultrasound
elastography in the diagnosis of
pancreatic masses: A meta-analysis.
Pancreatology. 2018;18:833-840

[16] Ignee A, Jenssen C, Arcidiacono PG,
Hocke M, Moller K, Saftoiu A, et al.
Endoscopic ultrasound elastography

of small solid pancreatic lesions:

A multicenter study. Endoscopy.
2018;50:1071-1079

[17] Yamada K, Kawashima H,

Ohno E, Ishikawa T, Tanaka H,
Nakamura M, et al. Diagnosis of
vascular invasion in pancreatic ductal
adenocarcinoma using endoscopic
ultrasound elastography. BMC
Gastroenterology. 2020;20:81

[18] Jafri M, Sachdev AH, Khanna L,
Gress FG. The role of real time
endoscopic ultrasound guided
elastography for targeting EUS-FNA of
suspicious pancreatic masses: A review
of the literature and a single center

experience. Journal of the Pancreas: JOP.
2016;17:516-524

[19] Facciorusso A, Martina M,

Buccino RV, Nacchiero MC,

Muscatiello N. Diagnostic accuracy

of fine-needle aspiration of solid
pancreatic lesions guided by endoscopic
ultrasound elastography. Annals of

74

Gastroenterology. 2018;31:513-518.
DOI: 10.20524/a0g.2018.0271

[20] Dominguez-Muifioz JE, Iglesias-
Garcia J, Castifieira Alvarifio M,
Luaces Regueira M, Larifio-Noia J.
EUS elastography to predict pancreatic
exocrine insufficiency in patients with
chronic pancreatitis. Gastrointestinal
Endoscopy. 2015;81:136-142

[21] Iglesias-Garcia J, Larifio-Noia J, Nieto
Bsn L, Alvarez-Castro A, Lojo S, Leal S,
et al. Pancreatic Elastography predicts
endoscopic secretin-pancreatic function
test result in patients with early changes
of chronic pancreatitis: A prospective,
cross-sectional, observational study.
American Journal of Gastroenterology.
2022;117:1264-1268

[22] Yamashita Y, Tanioka K, Kawaji Y,
Tamura T, Nuta J, Hatamaru K, et al.
Endoscopic ultrasonography shear wave
as a predictive factor of endocrine/
exocrine dysfunction in chronic
pancreatitis. Journal of Gastroenterology
and Hepatology. 2021;36:391-396. DOI:
10.1111/jgh.15137

[23] Yamashita Y, Yamazaki H,
Shimokawa T, Kawaji Y, Tamumra T,
Hatamaru K, et al. Shear-wave versus
strain elastography in endoscopic
ultrasound for the diagnosis of
chronic pancreatitis. Pancreatology.
2023;23:35-41

[24] Dominguez-Muiioz JE, Alvarez-
Castro A, Larifio-Noia J, Nieto L,
Iglesias-Garcia J. Endoscopic
ultrasonography of the pancreas as an
indirect method to predict pancreatic
exocrine insufficiency in patients
with chronic pancreatitis. Pancreas.
2012;41:724-728. DOI: 10.1097/
MPA.0b013e31823b5978

[25] Janssen ], Papavassiliou I.
Effect of aging and diffuse chronic



Practical Applications of EUS Elastography: Evidence and Challenges

DOI: http://dx.doi.org/10.5772/intechopen.1008476

pancreatitis on pancreas elasticity
evaluated using semiquantitative EUS
elastography. Ultraschall in der Medizin.
2014;35:253-258

[26] Conti CB, Cereatti F, Drago A,
Grassia R. Focal autoimmune
pancreatitis: A simple flow chart for
a challenging diagnosis. Ultrasound
International Open. 2020;6:E67-E75.
DOI: 10.1055/a-1323-4906

[27] Ishikawa T, Kawashima H, Ohno E,
Tanaka H, Maeda K, Sawada T, et al.
Usefulness of endoscopic ultrasound
elastography combined with the strain
ratio in the estimation of treatment
effect in autoimmune pancreatitis.
Pancreas. 2020;49:e21-e22. DOI: 10.1097/
MPA.0000000000001481

[28] Giovannini M, Thomas B, Erwan B,
Christian P, Fabrice C, Benjamin E, et al.
Endoscopic ultrasound elastography

for evaluation of lymph nodes and
pancreatic masses: A multicenter study.
World Journal of Gastroenterology.
2009;15:1587-1593

[29] Dietrich CF, Jenssen C,

Arcidiacono PG, Cui XW, Giovannini M,
Hocke M, et al. Endoscopic ultrasound:
Elastographic lymph node evaluation.
Endoscopic Ultrasound. 2015;4:176-190

[30] Janssen ], Dietrich CF, Will U,
Greiner L. Endosonographic
elastography in the diagnosis of
mediastinal lymph nodes. Endoscopy.
2007;39:952-957

[31] Xu W, Shi ], Zeng X, Li X, Xie WF,
Guo J, et al. EUS elastography for
the differentiation of benign and
malignant lymph nodes: A meta-

analysis. Gastrointestinal Endoscopy.
2011;74:1001-1009

[32] Akahoshi K, Oya M, Koga T, Koga H,
Motomura Y, Kubokawa M, et al. Clinical

75

usefulness of endoscopic ultrasound-
guided fine needle aspiration for gastric
subepithelial lesions smaller than 2 cm.
Journal of Gastrointestinal and Liver
Diseases. 2014;23:405-412

[33] Tsuji Y, Kusano C, Gotoda T,
Itokawa F, Fukuzawa M, Sofuni A,

et al. Diagnostic potential of endoscopic
ultrasonography-elastography for gastric
submucosal tumors: A pilot study.
Digestive Endoscopy. 2016;28:173-178

[34] Ignee A, Jenssen C, Hocke M,
Dong Y, Wang WP, Cui XW, et al.
Contrast-enhanced (endoscopic)
ultrasound and endoscopic ultrasound
elastography in gastrointestinal stromal
tumors. Endoscopic Ultrasound.
2017;6:55-60

[35] Waage JER, Rafaelsen SR, Borley NR,
Havre RF, Gubberud ET, Leh S, etal.
Strain Elastography evaluation of

rectal tumors: Inter- and Intraobserver
reproducibility. Ultraschall in der
Medizin. 2015;36:611-617

[36] Waage JER, Leh S, Rasler C,

Pfeffer F, Bach SP, Havre RF, et al.
Endorectal ultrasonography, strain
elastography and MRI differentiation of
rectal adenomas and adenocarcinomas.
Colorectal Disease. 2015;17:124-131

[37] Rustemovic N, Cukovic-Cavka S,
Brinar M, Radi¢ D, Opacic M, Ostojic R,
etal. A pilot study of transrectal
endoscopic ultrasound elastography

in inflammatory bowel disease. BMC
Gastroenterology. 2011;11:113

[38] Kamoi K, Okihara K, Ochiai A,
Ukimura O, Mizutani Y, Kawauchi A,
etal. The utility of transrectal real-time
elastography in the diagnosis of prostate
cancer. Ultrasound in Medicine and
Biology. 2008;34:1025-1032

[39] Kapoor A, Kapoor A, Mahajan G,
Sidhu BS. Real-time elastography in the



Elastography — Current Insights and Applications

detection of prostate cancer in patients
with raised PSA level. Ultrasound in
Medicine and Biology. 2011;37:1374-1381

[40] Giurgiu CR, Manea C, Crisan N,
Bungirdean C, Coman I, Dudea SM.
Real-time sonoelastography in the
diagnosis of prostate cancer. Medical
Ultrasonography. 2011;13:5-9

[41] Miyagawa T, Tsutsumi M,
Matsumura T, Kawazoe N, Ishikawa S,
Shimokama T, et al. Real-time
elastography for the diagnosis of prostate
cancer: Evaluation of elastographic
moving images. Japanese Journal of
Clinical Oncology. 2009;39:394-398

[42] Rimbag M, Gheonea DI,

Sandulescu L, Siftoiu A, Vilmann P,
Ciurea T. EUS Elastography in evaluating
chronic liver disease. Why not from
Inside? Current Health Sciences Journal.
2009;35:225-227

[43] Allgayer H, Ignee A, Dietrich CF.
Endosonographic elastography of the
anal sphincter in patients with fecal

incontinence. Scandinavian Journal of
Gastroenterology. 2010;45:30-38

[44] Oeda S, Tanaka K, Oshima A,
Matsumoto Y, Sueoka E, Takahashi H.
Diagnostic accuracy of FibroScan

and factors affecting measurements.
Diagnostics (Basel). 2020;10(11):940.
DOI: 10.3390/diagnostics10110940

[45] Iglesias Garcia ], Larifio Noia J,
Souto R, Alvarez Castro A, Cigarran B,
Dominguez Mufioz JE. Endoscopic
ultrasound (EUS) elastography of the
liver. Revista Espafiola de Enfermedades
Digestivas. 2009;101:717-719

76



Chapter 5

Bioethical Implications of

Elastrography

Hector Fabio Restrepo-Guerrero

Abstract

Elastography, as an advanced diagnostic tool, raises various bioethical challenges
in clinical practice. Key issues include safeguarding patient data privacy, as this
technology generates sensitive information about tissue elasticity. Additionally,
equitable access to this technology raises concerns, particularly in regions with
fewer resources. The increasing use of artificial intelligence in interpreting results
also introduces ethical dilemmas, such as transparency in the algorithms used and
accountability in case of errors. Ensuring that patients provide informed consent,
fully understanding how their data will be used and the associated risks, is crucial.
Addressing these ethical considerations is essential to ensure that elastography is
applied fairly and responsibly.

Keywords: elastography, bioethics, magnetic resonance imaging, doppler ultrasound,
medical technology

1. Introduction

Elastography is an advanced medical imaging technique that assesses the elasticity
and stiffness of soft tissues, providing additional information that complements images
obtained by conventional methods such as ultrasound and Magnetic Resonance Imaging
(MRI). This methodology has established itself as an essential tool in the diagnosis
of various pathologies, including liver diseases, breast, thyroid, and prostate cancer,
among others. The ability to differentiate normal from pathological tissues by measur-
ing their biomechanical properties allows for earlier and more accurate detection of
abnormalities, thereby improving clinical outcomes [1-3].

Elastography was developed in the 1990s as an extension of conventional ultra-
sound, with the aim of measuring the elasticity of tissues by applying mechanical
or acoustic waves. Since its inception, the technique has undergone significant
technological advances that have expanded its clinical applications and improved its
accuracy and reliability. The introduction of modalities such as magnetic resonance
elastography and three-dimensional elastography has allowed for a more detailed
and specific evaluation of various medical conditions, positioning elastography as an
indispensable tool in modern diagnosis [4-6].

Bioethics is a discipline that focuses on the ethical aspects of medical practice and
scientific research, based on fundamental principles such as autonomy, beneficence,
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nonmaleficence, and justice. These principles guide decision-making in health care,
ensuring that patients’ rights and well-being are respected and protected. In the
context of emerging technologies, such as elastography, bioethics plays a crucial role
in assessing the ethical implications of their use and development [7-9].

The incorporation of new medical technologies such as elastography raises a
series of bioethical considerations that must be addressed to ensure their responsible
and equitable use. These considerations include risk-benefit assessment, equitable
access to technology, privacy, and confidentiality of patient data, as well as informed
consent. Analyzing elastography from a bioethical perspective makes it possible to
identify and mitigate possible ethical dilemmas, promoting a medical practice that
respects the fundamental values and rights of patients [7, 10].

The adoption of advanced technologies such as elastography must be guided not
only by their clinical efficacy, but also by a strong ethical framework that ensures
their fair and responsible implementation. Without proper bioethical assessment,
there is a risk that these technologies will exacerbate inequalities in access to health-
care or compromise patient autonomy. Therefore, the integration of bioethics into the
evaluation of elastography is essential to ensure that its use benefits society as a whole
and respects individual rights [7, 11, 12].

The analysis of elastography from a bioethical perspective is fundamental to
addressing the ethical challenges that arise with its use and development. This
approach not only ensures that ethical principles are respected in clinical practice
but also contributes to the development of policies and regulations that promote
equitable and safe use of technology. In addition, by considering the ethical implica-
tions of elastography, healthcare professionals can make more informed and ethically
responsible decisions, thereby improving the quality of healthcare and patients’ trust
in healthcare services [7, 13, 14].

2. Bioethics in diagnostic imaging techniques
2.1Introduction to bioethical principles in the use of medical technologies

The use of medical technologies such as elastography in clinical diagnosis requires
the careful application of bioethical principles to ensure that patients’ well-being
and rights are protected. The four fundamental principles of bioethics—autonomy,
beneficence, nonmaleficence, and justice—provide a solid framework to guide
responsible and equitable medical practice. In the case of emerging technologies, such
as diagnostic imaging methods, these principles become even more important, as
rapid technological evolution can present complex ethical dilemmas [7, 8, 11].

2.2 Autonomy in diagnostic procedures

The principle of autonomy refers to the patient’s right to make informed decisions
about their own treatment, including accepting or rejecting diagnostic procedures
such as elastography. In this context, it is essential that clinicians provide clear
and comprehensive information about the benefits, risks, and alternatives avail-
able, allowing patients to make decisions based on a proper understanding of their
options. The introduction of new technologies may challenge this principle, as some
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patients might feel pressured to accept advanced technological procedures without
fully understanding their implications [7, 15, 16].

2.3 Beneficence and non-maleficence in diagnostic imaging

The principle of beneficence requires that health professionals act in the best
interest of the patient, seeking to maximize the benefits of diagnosis and treatment.
On the other hand, the principle of non-maleficence requires doctors to avoid causing
harm. In the case of elastography, these principles need to be carefully balanced, as
although the technology can offer significant benefits in the early detection of dis-
eases, its misuse or unjustified use could lead to misdiagnosis, unnecessary anxiety,
or inappropriate treatments. In addition, incorrect interpretation of images can have
adverse consequences for the patient, highlighting the importance of proper training
of physicians using these technologies [8, 17, 18].

2.4 Informed consent and new technologies

Informed consent is a critical component of respecting patient autonomy and is
particularly relevant in the use of advanced technologies such as elastography. This
process involves not only obtaining the patient’s consent but also the obligation to
explain in detail how the technology works, what its possible outcomes are, and
what other diagnostic options are available. Since many patients may not be familiar
with emerging technologies, clinicians must be especially careful to ensure that the
information provided is understandable and accessible [10, 19, 20].

2.5 Justice and equity in access to technology

The principle of justice in bioethics refers to the equitable distribution of
health resources, ensuring that all patients have access to the same diagnostic and
therapeutic opportunities. In the case of elastography, a relatively expensive and
highly specialized technology, ethical questions arise about equity in its access.
Patients in rural or under-resourced areas might not have access to these advanced
technologies, raising ethical dilemmas in terms of distributive justice. Health sys-
tems must work to minimize these disparities and ensure that technology benefits
as many patients as possible, regardless of their geographic location or economic
situation [11, 21, 22].

2.6 Ethical responsibility in the interpretation and communication of results

An important part of ethical practice in diagnostic imaging involves the
proper interpretation of results and the effective communication of the results to
patients. In the case of elastography, this is especially relevant due to the technical
complexity of the images generated and the possible difficulty of explaining their
implications to patients. Clinicians need to ensure that patients understand their
test results clearly and accurately without raising unnecessary alarms or minimiz-
ing potential risks. In addition, they must provide recommendations based on
evidence and in the best interest of the patient, which reinforces the principle of
beneficence [16, 20, 23].
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3. Specific bioethical implications of elastography
3.1 Autonomy: Making informed decisions in the use of elastography

The principle of autonomy in bioethics emphasizes the right of patients to make
informed decisions about their own medical care. In the context of elastography, a
relatively new and highly specialized technique, it is critical that patients understand
not only the purpose of the examination, but also the associated benefits, limita-
tions, and potential risks. Physicians have an obligation to clearly communicate these
aspects, allowing patients to actively participate in decision-making about their
diagnosis and treatment. However, the technical complexity of elastography can pose
a challenge in ensuring that the patient fully understands the information provided.

It is therefore essential that health professionals receive adequate training to transmit
this information in an accessible and understandable way [7, 16].

The patient’s autonomy is also influenced by the context in which the elastography is
performed. In some cases, the limited availability of diagnostic alternatives could pres-
sure patients to accept this technique without a full understanding of its implications.
This scenario poses ethical dilemmas, as patients could feel compelled to follow medical
advice without being able to fully exercise their autonomy. Consequently, it is crucial
that the informed consent process is thorough and that the patient’s individual prefer-
ences are respected, even when there are technological or access limitations [8, 20].

3.2 Beneficence: Maximizing benefits in elastography

The principle of beneficence requires health professionals to act in the best
interests of the patient, promoting interventions that maximize clinical benefits. In
the case of elastography, this principle is manifested in the ability of this technol-
ogy to detect diseases non-invasively and with high accuracy, reducing the need for
biopsies or more aggressive procedures. This technique has proven particularly useful
in the evaluation of liver fibrosis, breast cancer, and other diseases, improving clinical
outcomes and contributing to more effective therapeutic decision-making [2, 3, 7].

However, charity also requires a critical evaluation of when it is appropriate to use
elastography. While the technology can offer great benefits, its use indiscriminately
or in patients for whom it is not indicated could result in unnecessary expenses or
misdiagnoses. Therefore, clinicians must carefully balance the potential benefits with
the risks and limitations, ensuring that elastography is used appropriately and for
the benefit of the patient. In this sense, continuous training and updating of medical
knowledge are essential to ensure that professionals can apply elastography ethically
and effectively [3, 18, 23].

3.3 Non-maleficence: Avoiding potential harm in diagnosis

The principle of non-maleficence refers to the obligation of health profession-
als to avoid causing harm to patients. Although elastography is a non-invasive and
generally safe technique, it is important to consider that no medical procedure is
without risk. Incorrect interpretation of images or overreliance on this technology
can lead to misdiagnosis, which could lead to inadequate treatments or delays in
necessary interventions. This highlights the importance of physicians being properly
trained in interpreting elastography images and integrating their results with other
diagnostic methods [7, 5, 17].
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In addition, overuse of diagnostic technologies such as elastography can lead to
unnecessary anxiety in patients, especially if results are inconclusive or uncertain
findings are discovered that require prolonged follow-up. To avoid this, practitioners
need to be transparent in communicating the limits and possibilities of elastography,
ensuring that patients understand that it is not always possible to get definitive
answers through this technique. This minimizes the risk of psychological harm and
ensures a more positive experience for patients [18, 20].

3.4 Justice: Equitable access to elastography

The principle of justice in bioethics focuses on the equitable distribution of
resources and medical care. In the context of elastography, an advanced technology
that is not yet widely available in all regions, significant ethical challenges related
to equity in access arise. Patients in rural areas or in developing countries may not
have access to this technology, creating significant disparities in the diagnosis and
treatment of diseases. This lack of access raises a question of distributive justice, as
patients who could benefit from elastography are not always able to access it due to
geographical or economic limitations [11, 21, 22].

To address this ethical dilemma, health systems and regulatory authorities should
consider strategies to expand access to elastography, such as grants for health centers
in underserved areas or policies that promote the acquisition of this technology in
public hospitals. It is also crucial that technological advances are accompanied by
efforts to reduce the economic barriers that prevent its equitable use, ensuring that
the benefits of elastography are available to all patients, regardless of their location or
socioeconomic status [11, 22].

3.5 Informed consent in elastography: A bioethical challenge

Informed consent is a crucial process that respects patient autonomy, but
it can become particularly challenging in the context of technologies such as

Bioethical challenge Description Potential impact Proposed solution

Data Privacy Elastography generates Exposure to privacy Implement security
sensitive images and data breaches or data misuse. protocols and data
about the patient. encryption.

Equity in access Inequality in access to Patients in rural or low- Health policies that

technology in different
regions.

resource areas may be left
without access.

promote equitable access.

Algorithmic Reliance on Al for Dehumanization in Maintain human

Accountability interpretation of diagnosisand automated ~ supervision in
elastography results. errors. decision-making.

Validity of the results Lack of standardization Unreliable results can Develop international

in procedures can affect

validity.

affect diagnosis and
treatment.

standards and continuous
validation.

Informed consent

Patients need to understand
how the data obtained is
used.

Possible lack of
transparency and violation
of patients’ rights.

Ensure clear
communication and obtain
informed consent.

Source: Authors.

Table 1.

Bioethical challenges of elastography.
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elastography, which are complex and relatively new. The technical nature of
elastography and the unfamiliarity of many patients with this type of diagnosis
can make it difficult to understand, making the informed consent process more
complicated. Healthcare professionals must be able to explain the procedure, its
benefits, and its risks in a way that is clear and accessible, adapting to each patient’s
level of understanding (Table 1) [16, 19, 20].

It is important for doctors to not only provide technical information but also to
ensure that patients understand how elastography results could affect their treatment
and prognosis. In addition, the use of emerging technologies such as elastography
in clinical research raises the need for even more rigorous informed consent, where
patients must be aware that the technology could be in the experimental phase and
that the results are not always conclusive. In this regard, health institutions must
provide clear and ethical guidelines to ensure that informed consent is given appro-
priately and ethically [10].

4. Challenges and future perspectives in elastography from bioethics
4.1 The balance between technological innovation and ethical responsibility

Elastography, as an emerging technology, faces the challenge of balancing its
growth and development with a solid foundation of ethical responsibility. As tech-
nology advances and its clinical applications expand, it is essential that developers,
researchers, and healthcare professionals consider not only the potential medical
benefit but also the ethical implications of its use. This balance requires constant
vigilance to ensure that elastography is used fairly, responsibly, and in line with
fundamental ethical principles, such as beneficence, non-maleficence, autonomy,
and justice [7, 11].

Technological progress always carries potential risks, and in the case of elastog-
raphy, this includes the possibility of errors in the interpretation of results, excessive
or inappropriate use of technology, and unequal access to the benefits of this tool.
Therefore, there is a need for clear ethical guidelines to be implemented that regulate
both research and clinical practice related to elastography. The establishment of
clinical ethics committees and ongoing bioethics training for professionals using these
technologies are key steps in ensuring that the development of elastography follows
an appropriate ethical course [10, 22].

4.2 Challenges in equity and access to elastography

One of the most significant challenges in the expansion of elastography is to
ensure equitable access to this technology. Disparities in health care, especially in
less developed regions or among marginalized populations, represent a consider-
able obstacle to the fair implementation of elastography. In many developing
countries, access to advanced technologies such as elastography is limited, leading
to inequalities in the diagnosis and treatment of diseases that could benefit greatly
from this tool [21, 24].

To address this challenge, it is critical that governments, international organiza-
tions, and health systems work together to foster policies that promote equitable
accessibility to elastography. This may involve subsidies, training programs for medical
personnel in remote regions, and the acquisition of technological equipment in public
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health centers. In the long term, developing more accessible and cost-effective versions
of elastography could also help bridge the gap in access to this technology [22].

4.3 The challenge of ethical use in clinical research

Research with emerging medical technologies, such as elastography, raises
complex ethical questions, particularly as it pertains to experimentation on human
subjects. While elastography has enormous potential, its experimental use must be
rigorously regulated to avoid situations where participants are exposed to unneces-
sary risks. In this regard, informed consent remains a central concern, and it must be
ensured that participants understand the risks and benefits of their participation in
clinical studies [16, 25].

Clinical trials must also ensure that the data obtained benefit society as a whole
and not just the institutions that fund the research. This implies full transparency in
the results of studies and a commitment to share findings, both positive and negative,
with the scientific community and the general public. The ethics of elastography
research should also address access to treatments derived from research findings,
ensuring that the benefits of the technology are available to all patients, regardless of
socioeconomic or geographic status [23, 24].

4.4 Responsibility for the training and use of elastography

Another bioethical challenge in the use of elastography lies in the training and
responsibility of health professionals. Since elastography is a complex and con-
stantly evolving technology, professionals who employ it must receive adequate and
continuous training to ensure that its use is carried out competently and ethically.
Incorrect interpretation of images or misuse of technology could have detrimental
consequences for patients, underscoring the importance of professional competence
in this area [18].

In addition, regulatory bodies should establish training and certification standards
for professionals who use elastography in clinical practice. This responsibility also
extends to medical and educational institutions, which must ensure that teaching
about elastography includes not only technical aspects, but also ethical considerations
related to its use, interpretation, and communication of results. This will help prevent
medical errors and ensure that patients receive care based on the highest standards of
medical ethics [20].

4.5 Future perspectives in the bioethical regulation of elastography

As elastography continues to develop, so will the need for robust bioethical regula-
tion. In the future, ethics committees are expected to play an increasingly important
role in reviewing and regulating the use of emerging technologies, ensuring that
new applications of elastography are implemented fairly and ethically. This could
include the creation of specific ethical frameworks for the assessment of new medical
technologies and the establishment of international guidelines that promote equity in
access to and use of elastography [26].

Future prospects also include the development of artificial intelligence (AI)
elastography to improve its accuracy and reduce the margin for human error.
Nonetheless, this raises new bioethical concerns, especially with regard to data pri-
vacy and transparency in automated clinical decision-making. It will be essential that
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the development of Al in elastography is carried out under strict ethical supervision
to ensure that its implementation respects the rights of patients and maintains high
standards of justice, autonomy, and fairness [27].

4.6 The role of bioethics in the social acceptance of elastography

Finally, the social acceptance of elastography also depends to a large extent on how
its ethical aspects are handled. Patients and the general public should feel confident
that medical technologies that affect their health are developed and used ethically
and responsibly. Transparency in research processes, equitable access to technological
benefits, and ensuring that patients can make informed decisions are key factors that
will influence public acceptance and trust in elastography [19].

Educational campaigns that inform the public about the benefits and limitations
of elastography, along with the implementation of clear policies that protect patients
and ensure responsible use of the technology, will contribute to social acceptance.
Ultimately, the role of bioethics is to ensure that medical innovations, such as elastog-
raphy, are integrated into clinical practice in ways that respect and promote funda-
mental ethical principles [7].

5. Clinical applications of elastography and bioethical dilemmas
5.1 The use of elastography in clinical practice

Elastography has emerged as a crucial tool in various medical specialties,
especially in areas such as hepatology, oncology, and rheumatology. In hepatol-
ogy, elastography is primarily used for the evaluation of liver fibrosis, providing a
non-invasive method for the detection and monitoring of chronic liver disease. In
oncology, its ability to differentiate soft tissues based on stiffness has facilitated the
early identification of tumors, especially in breast, thyroid, and prostate cancers.

In rheumatology, it is used to evaluate soft tissue conditions and inflammation in
autoimmune diseases such as rheumatoid arthritis [3, 28, 29].

Despite advances in these areas, the widespread use of elastography in clinical
practice poses ethical challenges related to access, equity, and interpretation of results.
The availability of technology in clinical settings depends on economic and logistical
factors, which can lead to inequalities in its use. In addition, healthcare professionals
must be properly trained to interpret elastography results, as incorrect interpretation
of these data can lead to misdiagnosis, resulting in potential harm to patients [22, 26].

5.2 Ethical dilemmas in the early detection of diseases

One of the greatest benefits of elastography is its ability to detect certain diseases
early, which can significantly improve clinical outcomes. However, this advantage also
raises important ethical dilemmas. Early detection of diseases such as cancer can raise
concerns about overdiagnosis, which occurs when abnormalities are identified that
may not cause significant clinical harm throughout the patient’s lifetime. This type of
overdiagnosis can lead to unnecessary treatments, increasing the associated risks and
costs, with no real benefit to the patient.

This problem is closely linked to the issue of informed consent. Patients should
understand not only the potential benefits of elastography, but also the associated
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risks, including false positives and overdiagnosis. In addition, health care profession-
als have a responsibility to discuss with patients the uncertainty that may accompany
elastography findings and treatment options, so that patients can make well-informed
decisions about their health [19].

5.3 Equity in access to advanced technologies

Inequity in access to advanced technologies is a persistent challenge in modern
medicine. Elastography, as a diagnostic technology tool, is more widely available in
advanced medical centers, while populations in rural or low-income areas may have
limited access to this technology. This unequal access raises bioethical questions, as
people with fewer resources or who live in geographically isolated areas might not
benefit from the advantages offered by elastography, perpetuating inequalities in
health care [21, 24].

To address this issue, it is critical that public health policies promote the expansion
of access to elastography, ensuring that it is not a technology reserved only for those
with greater economic resources. This may involve investments in health infrastruc-
ture in less developed regions and training programs for health professionals working
in these areas. This ensures that the benefits of elastography are equitably accessible
to the entire population [22].

5.4 The role of elastography in personalized medicine

Elastography has the potential to be a key tool in personalized medicine, allowing
for a more precise and tailored approach to the diagnosis and treatment of patients.
For example, in oncology, elastography can help identify the specific location and
characteristics of a tumor, allowing for more targeted and less invasive treatments.
However, the use of this advanced technology also poses ethical challenges related to
the personalization of treatments and equity in their application [2].

Access to personalized medicine, including elastography, is generally tied to
the availability of resources, which can leave certain populations at a disadvantage.
In addition, personalization of treatments based on elastography findings should
be handled carefully to avoid overuse or inappropriate use of expensive therapies,
which might not be warranted in all patients. Healthcare professionals must balance
the accuracy offered by elastography with the principles of justice and equity in
healthcare, ensuring that all patients receive appropriate treatment without creating
unnecessary disparities [11].

5.5 Ethical considerations in the management of diagnostic information

The use of elastography also raises questions related to privacy and the han-
dling of diagnostic information. As technology evolves, elastography is expected
to integrate with other Al-based diagnostic tools, which could make it easier to
store and analyze large amounts of medical data. However, the ethical handling of
this data is crucial to ensure that patient privacy is protected and that data is not
misused [27].

Medical ethics committees should develop clear guidelines for handling information
obtained through elastography, ensuring that data is used only for medical purposes
and that patients have full control over how their information is used. In addition, con-
cerns about potential discrimination based on diagnostic results need to be addressed,
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as identifying certain characteristics or predispositions using elastography could lead to
misuse of this information in areas such as insurance or employment [26].

In the use of elastography, both the operator and the physician have a crucial ethical
responsibility to ensure that patients understand that the values obtained are not abso-
lute. It is essential that healthcare professionals explain that results may vary due to
factors such as the technique employed, patient conditions, and operator experience. In
methods such as transient elastography, interobserver and intraobserver variability has
been observed to be as high as 20%, meaning that values can change between measure-
ments made by different operators or even by the same operator at different times. This
inherent variability must be communicated clearly and honestly so that patients do not
interpret the results as definitive or accurate with no margin for error.

Transparency in this process not only promotes a relationship of trust between
the patient and the professional but is also key to informed consent. Patients should
understand that elastography, while a powerful tool, has limitations that can influence
the interpretation of its results. By highlighting these points, physicians and operators
can help avoid misunderstandings and unrealistic expectations, ensuring that clinical
decisions are made with full awareness of possible variations. This ethical responsibility
strengthens patient-centered care and avoids overreliance on a single diagnostic value.

5.6 Ethical implications in the education and training of health professionals

Since elastography is a relatively new technology, one of the bioethical challenges
is to ensure that health professionals receive adequate and continuous training in its
use. Lack of knowledge or adequate training in the use of elastography could lead
to errors in diagnosis, which would compromise the quality of medical care and put
patients’ health at risk. It is essential that medical and educational institutions include
specialized training in elastography, both in its technical handling and in the associ-
ated ethical considerations [18].

Professional organizations and health authorities should implement certifica-
tion and recertification programs to ensure that health professionals who use
elastography maintain high levels of competence. In addition, it is crucial that these
programs include not only the technical aspect of the use of technology, but also
the bioethical aspects, so that professionals can make ethical decisions in their daily
clinical practice [20].

5.7 Use of artificial intelligence and machine learning techniques in elastography
and ethical implications

The use of artificial intelligence (AI) and machine learning (ML) in elastography
is revolutionizing the field of medical imaging, optimizing accuracy in the detection
of tissue abnormalities and automating much of the analysis process. These technolo-
gies enable elastography systems to identify complex patterns that human eyes might
miss, improving sensitivity and specificity in the detection of diseases such as liver
fibrosis, cancer, and musculoskeletal diseases [30]. Furthermore, with the use of large
volumes of data, ML algorithms can learn to distinguish subtle tissue features, which
can increase diagnostic capability and reduce the time required to obtain results [31].
However, the integration of Al and ML in elastography raises serious ethical implica-
tions that must be addressed.

One of the main concerns is transparency in the algorithms used, as the automatic
processes underlying clinical decision-making can be opaque to clinicians and, above
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all, to patients. This phenomenon, known as “algorithmic black box,” implies that
decisions influencing the diagnosis or treatment of patients could be made without
users fully understanding the process [32]. This scenario raises questions about
liability in case of diagnostic errors. Who is liable if the AI makes a failure, the physi-
cian or the system? Lack of clarity on these issues may affect the confidence of both
healthcare professionals and patients.

Another key ethical consideration is equity in access to these advanced technolo-
gies. The implementation of Al and ML systems in elastography may be limited to
high-resource medical centers, which could increase the gap in medical care between
regions with different levels of infrastructure [33]. In addition, the use of data to train
algorithms poses challenges in terms of privacy and information security, as large
amounts of patient data are needed to feed ML systems, leading to the risk of expo-
sure of sensitive data if not managed appropriately [34].

Therefore, it is essential that the development and implementation of Al and ML
in elastography be accompanied by ethical regulations that ensure transparency,
equity, and safety. Healthcare decision-makers should collaborate with ethicists and
technology specialists to establish standards for the responsible use of these tools,
always ensuring respect for patients’ rights and quality of care.

6. Conclusion

Elastography, as an advanced medical imaging technique, has demonstrated a
significant impact on the assessment of tissue elasticity, offering a valuable tool
for the diagnosis and monitoring of various clinical conditions. Its technologi-
cal evolution and its integration with new methodologies, such as AL and ML,
promise to further improve its accuracy and applicability in clinical practice. These
advances allow for higher resolution in the detection of tissue changes, as well as
automation that can optimize the diagnostic process and reduce variability in the
interpretation of results.

However, the development and implementation of elastography also face signifi-
cant challenges, especially in the bioethical field. The protection of patient privacy,
equity in access to technology, and transparency in the use of AL algorithms are
critical aspects that must be addressed to ensure ethical and responsible practice.
Standardization of procedures and continuous validation of techniques are essential
to maintain quality and consistency in the application of elastography in different
clinical settings.

Elastography education and training play a crucial role in overcoming these chal-
lenges. Adequate education and continuous updating in the use of this technology
are essential to ensure that health professionals can use it effectively and ethically.
The implementation of training curricula and the assessment of competence are
necessary to maintain high standards in clinical practice and to improve the quality
of patient care.

Looking to the future, elastography has the potential to further transform diag-
nostic medicine, but this requires a balanced approach that combines technological
advancement with a strong ethical foundation. Collaboration between researchers,
health professionals and regulatory bodies will be essential to address bioethical
challenges and to promote responsible development and use of elastography. Only
through this integrated approach can the benefits of this technology be maximized
while minimizing risks and ensuring equitable, high-quality care for all patients.
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